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FOREWORD 



Nitric oxide (NO) is one of the most remarkable biological molecules characterized at the turn of XX 
century. Small in size, but ubiquitous and complex in its network of molecular, cellular and organ interac- 
tions, NO plays an important role in mammalian and non-mammalian biology. The scope and versatility 
of NO actions on the biological systems range from neuromodulation and regulation of cardiovascular 
homeostasis to cell signaling and immunity. An impressive array of physiologic and pathologic reactions 
are controlled by or associated with changes in the biological specter of NO. 

The “career” of NO in science started from a handful of publications written before 1986 to more 
than 52,000 contributions at the end of 2002 (Pubmed, National Library of Medicine). More than 15,000 
publications deal with the effects of NO in the cardiovascular system. The NO field has been recently 
knighted with the 1998 Nobel Prize in Medicine awarded to R.F. Furchgott, F. Murad and L.J. Ignarro. 

This book attempts to present the state-of-the-art knowledge on the role of NO in cardiovascular 
homeostasis and in the pathogenesis of heart failure and diseases that underlie the development of heart 
failure. In the United States, heart failure, a multifactorial pathophysiologic state, which complicates the 
clinical course of many cardiovascular diseases, is responsible for close to 1,000,000 hospital admissions 
and 40,000 deaths annually. The book has 20 chapters highlighting the role of NO in the pathophysiology 
and therapeutics of heart failure. Book chapters have been written both by clinicians and basic scientists 
to emphasize the translational character of the contemporary NO research. A broad cross-section of 
presented topics includes discussion of basic cardiovascular physiology, as well as of pathophysiology and 
“cutting edge” pharmacology of heart failure. Considerable attention has been paid to interactions between 
NO and other players on the cardiovascular arena including peptides and proteins such as angiotensins, 
natriuretic peptides, matrix metalloproteinases, and free radicals including superoxide and peroxynitrite. 

In the age of proteomics and combinatorial chemistry, the elucidation of interactions between NO 
synthase and other bioactive enzymes and proteins may contribute to better understanding and treatment 
of heart failure. 



Marek W. Radomski 




NO Preface 



Research in the field of nitric oxide (NO) has grown exponentially since 1998, when three prominent 
researchers were recognized by Nobel prize awards. With the expansion in knowledge and the growing 
number of publications on the role of NO in several disciplines, it has become necessary to separately 
review the current knowledge of the role of NO in the pathophysiology and therapeutics of the major 
cardiovascular diseases, such as coronary artery disease and atherosclerosis, acute coronary syndromes 
and myocardial infarction, and heart failure. The emerging literature on the therapeutic implications of 
NO in pulmonary hypertension is also reviewed. This first volume is a compilation of a series of compre- 
hensive review articles on selected topics that were published in the Journal of Heart Failure Reviews. 
The 20 excellent articles were contributed by some of the leading basic and clinician scientists in the field. 
The articles are well balanced and address clinically pertinent issues. The book should serve as an excel- 
lent reference source for basic science and medical students, medical residents and postdoctoral fellows, 
pharmacologists, physicians, cardiologists, cardiovascular surgeons, endocrinologists, nephrologists, and 
neurologists. It is our hope that the book will become a companion for cardiovascular researchers and sci- 
entists working in the field of NO, the role of NO in cardiovascular pathophysiology, and the development 
of NO-related targets for cardiovascular therapeutics. We would welcome the comments and suggestions 
of the readers as we plan future volumes. 
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Part I 

NO and Pathophysiology of Heart Failure 




Nitric Oxide in Heart Failure: Friend or Foe 



Bodh I. Jugdutt 

Cardiology Division of the Department of Medicine, 
University of Alberta, Edmonton, Alberta, Canada 



Abstract. Nitric oxide (NO) is a controversial molecule. It 
is either beneileial or deleterious. As with NO donors, one 
reason for this duality is related to the dose. Small doses 
are highly beneileial, maintaining blood flow in vessels and 
blood pressure, and proteeting against foreign invaders. In 
high doses, it results in hypotension, forms peroxynitrite 
which is cytotoxic, and contributes to heart failure. 

Key Words, nitrie oxide, nitroglyeerin, isehemia, 
infarction, heart failure 



Introduction 

Nearly 135 years have elapsed since the Scottish 
physician. Sir Lauder Brunton, first proposed 
amyl nitrate for the rehef of angina pectoris in 
1867 [1]. It was not until 12 decades later that 
the underlying mechanism, that nitrates act as 
exogenous donors of nitric oxide (NO* or NO in 
short) and it is NO that is the biological mes- 
senger which causes direct dilation of coronary 
arteries, was elucidated [2-7]. In 1980, Furch- 
gott and Zawadski [2] discovered the endogenous 
endothelium-derived relaxation factor, and this 
was shown to be NO by Palmer, Ferrige and Mon- 
cada in 1987 [3]. Over the last 15 years, the 
NO literature has experienced exponential growth 
(from only 7 papers on endogenous NO in 1987 to 
over 3(XX) by 1994 and over 45,(X)0 by 2002) and 
has been associated with considerable growth in 
knowledge. 

In 1992, NO was named molecule of the year [8]. 
In 1998, the importance of NO was underscored by 
the award of Nobel prizes to 3 outstanding cardio- 
vascular investigators, namely Robert Furchgott, 
Louis Ignarro and Ferid Murad. 

Since 1998, the field of NO research has con- 
tinued to expand rapidly and has contributed a 
wealth of new knowledge about the pathobiochem- 
istry of NO, the pathobiology of NO s}mthases, 
the chnical pharmacology ofnitrovasodilators, the 
roles of NO in cardiovascular disease, and the ap- 
plication of NO in research and chnical settings. 
Also in 1998, NO gained popularity as Pfizer mar- 
keted sildenafil (Viagra) for erectile dysfunction. 
This drug inhibits NO breakdown by the enzyme 
cGMP-specific phosphodiesterase 5, thereby en- 



hancing the action of NO (vasodilation and smooth 
muscle relaxation) and facilitating penile erection 
in patients with impotence. 

Although the importance of NO was first de- 
scribed in the cardiovascular system, there is 
continuing controversy about the effects of NO in 
cardiovascular disease; good or bad, beneficial or 
deleterious, friend or foe? 

In fact, NO is a ubiquitous and controversial 
molecule [5,6]. It is a noxious, unstable gas, and a 
byproduct of automobile exhaust, electrical power 
stations and lightning. It is generated in tissues 
and participates in several important physiolog- 
ical functions in the body (Table 1), including 
vasodilation, neurotransmission and elimination 
of pathogens [5-8]. It also plays a role in the 
pathophysiology of several diseases in the car- 
diovascular system and other organs (Table 2). 
Cumulative evidence suggests that the biologic 
actions of NO in the heart are quite complex 
(Fig. 1). 

The NO molecule has 2 important properties 
that may in part explain its duality; it is un- 
charged and has an unpaired electron. As an un- 
charged molecule, NO can diffuse freely across cell 
membranes and the unpaired electron makes it 
a reactive free radical. NO interacts readily with 
oxygen free radicals (Oj ), which may be regarded 
as a beneficial detoxification system for the po- 
tentially injurious superoxide on the one hand, 
and harmful on the other, as this reaction re- 
sults in the formation of peroxynitrite (ONOO~) 
which is cytotoxic. Whether NO is cytotoxic or cy- 
toprotective in specific settings may depend on 
the form in which NO is delivered or transported 

[9]. 

Another reason for the duality is that NO is pro- 
duced by 2 major classes of NO synthase (NOS) 
enzymes; on the one hand, 2 constitutive isoforms 
found mainly in endothelial cells (eNOS) and neu- 
rons (nNOS), release small amounts of NO for 
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Table 1. Physiologic functions of NO in the cardiovascular 
system 

• Maintain vascular smooth muscle relaxation 

• Regulate vascular tone 

• Regulate blood flow to tissues 

• Regulate blood pressure 

• Regulate myocardial contractility 

• Regulate endothelial integrity and permeability 

• Regulate vascular cell proliferation 

• Regulate endothelium- leucocyte interaction 

• Inhibit platelet aggregation and adhesion 

• Exert an overall antiatherogenic effect 



Table 2. Pathology associated with NO 

Cardiovascular 

• Ischemic heart disease 

• Hypertension 

• Hypercholesterolemia 

• Atherosclerosis 

• Diabetes mellitus 

• Ischemia-reperfusion 

• Disease risk in female gender 

• Arterial restenosis 

• Heart failure 

• Septic shock 
Other systems 

• Cerebrovascular disease and stroke 

• Memory disorders 

• Alzheimer’s disease 

• Multiple sclerosis 

• Parkinson’s disease 

• Pulmonary hypertension 

• Chronic hepatitis 

• Liver failure 

• Ulcerative colitis 

• Eclampsia 

• Schistosomiasis 

• Renal disease 

• Impotence 



short periods of time to signal adjacent cells; on 
the other hand, an inducible isoform, iNOS found 
in macrophages releases large amounts of NO 
for prolonged periods of time to destroy bacte- 
ria and parasites. An excess of NO can lead to 
host cell damage, neurotoxicity during strokes, hy- 
potension associated with sepsis, more ischemia- 
reperfusion injury, and cell death in chronic heart 
failure. 

Several important concepts have evolved about 
the actions of NO. Physiologically, a continuous 
release of NO in small quantities by endothe- 
lial cells causes vascular smooth muscle relax- 
ation and maintains the vasculature in a state 
of active vasodilation. A basal low level of NO 
acts as an endogenous autoregulator of blood 
flow to tissues (such as the heart, brain, kidney, 
lung and gastrointestinal tract) in response to lo- 
cal changes. NO mediates additional vasodilation 



during ischemia and reperfusion. Other locally 
released factors such as bradykinin and acetyl- 
choline induce NO release in some vessels. The 
autonomic nervous system also controls NO re- 
lease into vasculature. NO plays a role in the reg- 
ulation of blood pressure. The beneficial effects of 
angiotensin-converting enzyme inhibitors are in 
part due to increased bradykinin and NO. 

Defects in the regulation of NOS can lead to hy- 
pertension and vasospasm. Endothelial dysfunc- 
tion and defects in NO production have been im- 
plicated in several diseases (e.g. diabetes mellitus 
and atherosclerosis) and been postulated in sev- 
eral other diseases (e.g. Prinzmetal angina, hepa- 
torenal syndrome, Raynaud’s disease, eclampsia). 
NO reduces blood clotting and inhibits platelet 
aggregation [10] and adhesion [11], and lack of 
NO may favor thrombosis. NO acts as a neuro- 
transmitter and mediates penile erection via neu- 
rotransmitter and vasodilator effects, and lack of 
NO may cause impotence. NO plays a role in the 
immune system and too little NO could lead to im- 
munodeficiency. Low doses of NO may delay the 
progression of heart failure. 

NO overproduction may be the cause of idiopa- 
thic orthostatic hypotension. NO mediates hypo- 
tension in sepsis. Macrophages and neutrophils 
produce both NO and superoxide, suggesting that 
peroxynitrite may be the mechanism of cytotoxic- 
ity by these cells in ischemia-reperfusion. NO ex- 
erts negative chronotropic and negative inotropic 
effects on the heart, and excess NO may cause LV 
dysfunction and contribute to heart failure. Large 
amounts ofN O from macrophage iNOS is cytotoxic 
and kills or inhibits pathogens (e.g. bacteria, fungi, 
parasites) and tumor cells by mechanisms which 
include inhibition of ATP production and DNA, or 
DNA damage. Excess NO can damage normal host 
cells as in autoimmune disease. It is therefore im- 
portant that macrophage iNOS is transcription- 
ally mediated and precisely controlled. 

NO from different sources can modulate re- 
gional cardiac contractility. The cellular distribu- 
tion of NOS and partitioning of NOS isoforms 
within cellular compartments of cardiac myocytes 
are complex. NO generated from eNOS in vascu- 
lar endothelium can diffuse into cardiac myocytes 
and act in paracrine fashion to alter function and 
metabolism. NO generated in the cardiac myocyte 
can also act in autocrine fashion to modulate its 
function. Low doses of NO increase contractility 
through a cAMP dependent mechanism [12] while 
high doses of NO reduce contractility by a cGMP 
dependent mechanism [12]. NO also shifts sub- 
strate catabolism from free fatty acids to lactate 
during heart failure [13]. 

NO donors such as nitrates have been used 
to treat angina pectoris and hypertensive crises, 
for afterload reduction in heart failure, and for 
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Fig. 1. Nitric oxide in heart failure. 



the acute management of myocardial infarction 
[1,14-18]. It was known for decades that too much 
nitrate resulted in hypotension and development 
of nitrate tolerance [19,20]. The addages that “a 
little is good, but more is not better” or “too much 
of a go(xi thing might not be good” have proven to 
be very true of NO and NO donors in clinical set- 
tings. Low dose intravenous nitroglycerin in acute 
myocardial infarction was shown to be highly ben- 
eficial in limiting left ventricular dysfunction, re- 
modeling, other complications and mortality [16]. 
Although evidence of hemodynamic tolerance de- 
veloped in 24% of the patients at the low doses 
used, overall beneficial effects were not abolished 
[17]. However, much higher doses of intravenous 
nitroglycerin were shown to cause hypotension 
and a paradoxical /-curve effect, with loss of some 
of the beneficial effects on collateral blood flow and 
infarct size in the canine model [15]. Nitroglyc- 
erin at very low doses (<0.2 ng/ml) was shown to 
produce maximal venodilation while higher doses 
decreased afterload without further decreases in 
preload [21]. Prolonged nitrate therapy allowing 
for a daily nitrate-free interval was also found to 
be beneficial after myocardial infarction [22]. 

With its roots in the explosives and munitions 
industry, nitroglycerin was considered to be a 
homeopathic remedy for several decades before 
Brunton [23]. Homeopaths like C. Hering studied 
‘dose and effect’ and documented headache, chest 
tightening and palpitation following placement 
of nitroglycerin on the tongue. Interestingly, the 



homeopath W. P. Armstrong in 1882 and the fa- 
mous physician W. Osier in 1897 both felt that 
angina was rare in the 19th century. Knowledge 
gleaned over the last decade supports the con- 
cept that excess exogenous NO acts as a two-edged 
sword. However, the tendency to use high doses of 
NO donors and prolonged continuous regimens for 
angina has continued. 

Inhaled NO has been applied in pulmonary hy- 
pertension and respiratory distress syndrome in 
adults to relax pulmonary arteries and reduce pul- 
monary vascular resistance. NO has been shown 
to reduce infarct size [24,25], probably by induc- 
ing vasodilation, reducing inflammatory infiltra- 
tion and removing other free radicals. Delivery 
of NO in slow, rapid or targeted release form has 
been proposed for pulmonary hypertension, arte- 
rial restenosis, liver failure, and schistosomiasis 
[26]. NO inhibitors have been used for reversing 
hypotension in sepsis and reducing stroke size, but 
they can lead to hypertension and increased clot- 
ting and are not selective. 

A clear understanding of the different aspects 
of NO is essential in the development of novel NO 
donors for the treatment of myocardial ischemia 
and thrombosis, gene therapy for restoration of 
endothelial function in atherosclerosis, and the 
development of strategies for the prevention of 
nitrate tolerance, enhancing cardioprotection fol- 
lowing coronary reperfusion and reducing reper- 
fusion injury after myocardial infarction, and 
improving therapy and outcome in heart failure. 
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It is the purpose of this first symposium issue 
on NO to provide balanced, critical and authori- 
tative presentations of pertinent basic and clin- 
ical aspects of NO research that will assist the 
reader in the objective management of heart fail- 
ure. Andrews et al. review the chemistry of NO and 
the pharmacological tools used to study the role of 
NO in the vasculature [28]. Paulus and Bronzwaer 
review the myocardial contractile effects of NO 
pertinent to heart failure [29]. Wollert and Drexler 
review the role of NO in the regulation of cardiac 
remodeling with focus on cardiomyocyte hypertro- 
phy and apoptosis [30]. Oyama et al. review the 
role of NO in cell death (necrosis and apoptosis) in 
heart failure [31]. Mungrue et al. review the role 
of NOS genes in heart failure and the important 
lessons learned from targeted gene ablation of the 
3 types of NOS in mice [32]. Lain et al. review 
the role of peroxynitrite in myocardial ischemia- 
reperfusion injury [33]. de Gasparo reviews the 
interaction between angiotensin II and NO in car- 
diovascular pathology and the role of ATi and AT 2 
receptors [34]. Warnholtz et al. review the mech- 
anisms of endothelial dysfunction induced hy ni- 
trate, an NO donor, and the role of oxidative stress 
[35]. Jugdutt reviews the role of NO in cardiopro- 
tection during ischemia-reperfusion [36]. 
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Abstract. Nitric oxide (NO) is involved in a large number of 
cellular processes and dysfunctions in NO production have 
been implicated in many different disease states. In the vas- 
culature NO is released by endothelial cells where it mod- 
ulates the underlying smooth muscle to regulate vascular 
tone. Due to the unique chemistry of NO, such as its reac- 
tive and free radical nature, it can Interact with many differ- 
ent cellular constituents such as thiols and transition metal 
ions, which determine its cellular actions. In this review we 
also discuss many of the useful pharmacological tools that 
have been developed and used extensively to establish the 
involvement of NO in endothelium-derived relaxations. In 
addition, the recent literature identifying a potential source 
of NO in endothelial cells, which is not directly derived from 
endothelial nitric oxide synthase is examined. Finally, the 
photorelaxation phenomena, which mediates the release of 
NO from a vascular smooth muscle NO store, is discussed. 

Key Words, nitric oxide, vasculature, NO chemistry, 
photorelaxation 



Introduction 

Blood vessels are lined with a monolayer of cells 
collectively referred to as the endothelium. The 
endothelium provides a large surface area for 
the exchange of fluids and solutes between blood 
and vascular tissue. Lying beneath the endothe- 
lium are multiple layers of vascular smooth mus- 
cle cells (VSMC), the contractile state of which 
is controlled by sympathetic nerves, circulating 
hormones and the endothelium. The tone of the 
vasculature is intricately regulated by a number 
of vasorelaxant factors synthesized and released 
from endothehal cells such as nitric oxide (NO), 
and prostacyclin (PGIg) (Fig. 1). NO is synthesized 
by a family of oxidoreductases that bear close se- 
quence homology to cytochrome P450 system en- 
zymes [1], called NO synthases (NOS), of which 
three isoforms are known to exist, endothehal 
NOS (eNOS), inducibleNOS (iNOS) andneuronal 
NOS (uNOS). In the endothelium, eNOS is acti- 
vated by a number of agonists acting on G protein- 



coupled receptors (GPRCs) and by physical stimuli 
such as shear stress and changes in oxygen levels 
which leads to the activation of stretch operated 
non-selective cation channels (SOCC). These en- 
zymes utilize L-arginine and molecular oxygen as 
substrates as well as the cofactors, nicotinamide 
adenine dinucleotide phosphate (NADPH), flavin 
adenine dinucleotide (FAD), heme, flavin adenine 
mononucleotide (FMN), calmodulin and tetrahy- 
drobiopterin for the production of NO and the 
byproduct, L-citrulline [2] . NO elicits relaxations 
of adjacent VSMCs by the activation of soluble 
guanylate cyclase (sGC). Another endothelium- 
derived relaxing factor, prostacyclin (PGI2) can 
also be released via the activation of GPCR and 
SOCC. Activation of cyclooxygenase (COX), which 
catalyses the conversion of arachidonic acid to pro- 
duce PGI2 , which activates the prostacyclin recep- 
tor on the smooth muscle, increases cAMP levels 
and induces vasorelaxation. 

With the discovery of the NO synthesis 
pathway has come the use of sever^ NOS 
inhibitors to study the role of NO in endothelium- 
dependent vasorelaxation. They include N^- 
nitro-L-arginine (l-NNA; also known as l-NA, 
l-NOARG and NOLA), its methyl ester, l-NAME 
and (V^-monomethyl-L-arginine (l-NMMA). Af- 
ter endothelium-dependent relaxations were ob- 
served in the presence of these inhibitors together 
with the COX inhibitor, indomethacin, it appeared 
that another relaxing factor might contribute 
to the modulation of vascular tone. This factor 
was found to induce hyperpolarization and hence, 
the name, endothelium-derived hyperpolarizing 



Address for correspondence: Chris Triggle, Smooth Muscle Re- 
search Group and the Canadian Institutes of Health Research 
Group on Regulation of Vascular Contractility, Department of 
Pharmacology & Therapeutics, Faculty of Medicine, University 
of Calgary, 3330 Hospital Drive NW, Calgary, Alberta, Canada, 
T2N4Nl.Tel.: 1 (403) 220 5036; Fax: 1 (403) 270 9497; E-mail: 
triggle @ ucalgary . ca 



9 




10 Andrews et al. 



Shear stress Agonist 




in endothelium-dependent relaxations in different 
tissues, it appears that EDHF only makes a sig- 
nificant contribution in resistance arteries, while 
NO is the principal vasodilator in conduit arteries. 
NO is a nonpolar gaseous molecule that demon- 
strates a wide range of biological actions for func- 
tions as varied as neurotransmission and host- 
mediated cytotoxicity to endothelium dependent 
modulation. The diversity in the functions of NO 
can be attributed to its unique chemistry, which 
determines its site of action, distribution, half-life 
and metabolism. 




Fig. 1. Activation of a GPCR by agonists and activation of 
SOCC from the shear stress of blood flow in the membrane of 
EC increases Caf'*' levels which in turn, activates eNOS, COX 
as well as the synthesis ! release of the putative mediator, 
EDHF. The activation of eNOS results in the conversion of 
L-arginine to L-citrulline and the liberation of NO and the 
activation of COX results in the conversion of AA to PGIs- The 
diffusion of NO and PGIg to the VSMC leads to the activation 
ofsGC and the IP and AC, which results in increases of both 
cGMP and cAMP, respectively and, via a number of possible 
mechanisms including the opening ofK^ channels and closure 
of Ca^^ channels, a decrease in Caf'^ and vasorelaxation. 
EDHF directly or indirectly opens channels, which results 
in the closure of Ca*+ channels on the VSMC, decreasing 
Caf* and inducing relaxation. 

Abbreviations: AA, arachidonic acid; AC, adenylate 
cyclase; calcium; Caf^, intracellular calcium; COX, 

cyclooxygenase; EC, endothelial cell; EDHF, endothelium 
derived hyperpolarizing factor; eNOS, endothelial nitric oxide 
synthase; GPCR, G-protein coupled receptor; IP, prostacyclin 
receptor; potassium; NO, nitric oxide; PGIg, prostacyclin; 

SOCC, stretch operated non-selective cation channels; sGC, 
soluble guanylate cyclase; VSMC, vascular smooth muscle cell. 



Chemistry of NO 

NO is a paramagnetic or free radical species, since 
it carries a single unpaired electron in its outer 
shell (in total 11 electrons). While this property 
of NO would explain the diversity of biological re- 
actions that NO is involved in, it should also be 
stressed that NO is comparatively stable and does 
not possess the type of reactivity that is noted of 
other radical species (e.g. hydroxyl radicals). The 
substances that NO is known to react with include 
other radicals, transition metal ions and nucle- 
ophiles such as thiols (RSH) and amines. 

The solubility of NO in water is quite low 
(~1.9 X 10“® M at 25°C [4]), and unlike other re- 
active nitrogen species, does not produce the cor- 
responding acid in solution (i.e. does not undergo 
hydration). The fact that NO is not remarkably 
soluble in aqueous solutions is an advantage in 
terms of cellular access. Although, few studies 
have characterized the permeability of NO across 
phospholipid membranes, its high hydrophobicity 
[5] strongly suggests that it can diffuse quite eas- 
ily and rapidly into cells. In an early study the 
production of NO was measured from a single en- 
dothelial cell using a NO-selective electrode and it 
was determined that the diffusion constant of NO 
produced to be close to 3000 [5]. Considering 

that the thickness of the endothelial cell layer is 
about 0.3 [6], it would appear that the actions 

of NO would be immediate, not impeded by cellu- 
lar membranes and governed only by the speed in 
which it reaches the target vascular smooth mus- 
cle cell. Note however, that the rapid diffusion rate 
of NO is not likely to be the sole determinant of its 
actions but rather is likely the total sum of its rate 
of diffusion, synthesis and reactions with cellular 
constituents [7]. 



factor (EDHF) is now used (for review see [3]). Al- 
though the identity of EDHF remains elusive, it 
has been shown to cause vasorelaxation via activa- 
tion of K+ channels, which consequently results in 
VSMC hyperpolarization in a tissue- and species- 
dependent manner. Although there are consider- 
able variations in the contributions of these factors 



Decomposition of NO 

NO reacts with dioxygen or molecular oxygen 
(O 2 ), which like NO, is also a radical species. NO 
undergoes decomposition when it is autooxidized 
in the gas phase to form the characteristic brown 
gas, nitrogen dioxide (Reaction 1 - NO 2 ). How- 
ever, since the reaction between NO and O 2 follows 
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third order kinetics, the rate it proceeds will de- 
pend on the concentration of NO, where at high 
concentrations of both O 2 and NO, the reaction 
proceeds rapidly while at low NO concentrations 
the oxidation of NO will be very slow [8,9]: 



2 NO + 02 -^ 2NO2 ( 1 ) 

2NO2 ^ N2O4 (2) 

NO2 + NO ^ N2O3 ( 3 ) 

N2O4 -I- N2O ^ H+ -t- HNO2 + NO3- ( 4 ) 



NO 2 either dimerises to form N 2 O 4 (reaction 2 ) or 
reacts again with NO to form N 2 O 3 (reaction 3), 
which may donate a NO moiety to various nucle- 
ophilic targets, such as thiols [10]. In the aqueous 
phase, this reaction proceeds slowly to eventually 
produce the water-soluble terminal products ni- 
trite (NOp and nitrate (NOp (reaction 4 [11]). 

The half-life of NO reported in different stud- 
ies has varied depending on the experimental 
conditions set out in each study. For example, the 
half-life measurements for NO under bioassay 
conditions have been reported to be 3-5 sec 
[12,13]. Similar values were also reported by 
Wood and Garthwaite [14] who also commented 
that the highly oxygenated saline solutions used 
to bathe tissues may contribute to the acceler- 
ated decomposition of NO, and thus may not be 
an accurate reflection of the physiological state. 
However, since the oxidation ofNO in the aqueous 
phase proceeds quite slowly, it is unlikely that the 
half-life of NO is solely determined by the rate at 
which it is oxidized. Kharitonov et al. [15] reported 
that at physiologically relevant concentrations of 
NO (100 nM), the theoretical first half-life of NO 
would be 2 hours, while Ford et al. [16] determined 
the half-life of NO to be approximately 100-500 s 
when studied at more physiological levels of 
oxygen. Thus, following third order kinetics, at 
low concentrations NO will be oxidized gradually, 
while at higher concentrations of NO the autooxi- 
dation reaction will proceed more rapidly. In addi- 
tion, it was recently reported that while autooxi- 
dation proceeds quite slowly in the aqueous phase, 
the rate of this process increases dramatically 
when in proximity to cellular membranes [17]. 

Redox Forms of NO 

Nitrogen oxides can exist in different redox states 
and the oxidation states of these nitrogen species 
can range between -3 to +5. The positioning of 
the unpaired electron in the antibonding orfital 
renders NO more likely to accept or lose other 
electrons in this orbital and in the process able 
to form these different oxides [9]. Ammonia (NH3) 
is the most reduced of the oxides and a two elec- 



tron oxidation process generates hydroxylamine 
(NH2OH), which itself can be subsequently oxi- 
dized to form nitroxyl (NO“ or HNO). NO, as the 
free radical species, can arise when NO“ under- 
goes a one-electron oxidation. NO can then lose 
an electron to form the electrophihc nitrosonium 
cation (NO"*"). However, this species is quite elec- 
trophilic and does not freely exist for long periods, 
thus it is either rapidly hydrolyzed into nitrous 
acid (HNO2), which generates nitrite and nitrate 
ions [18], or reacts with nucleophiles to form NO 
adducts [ 8 ]. 

Reactions Between NO 
and Various Substances 

The reactions between NO and various substances 
found in the extracellular milieu can determine 
the activity, duration of action and metabolic fate 
of NO. The substances known to influence the ac- 
tivity of NO include thiols, superoxide, and tran- 
sition metal ions, notably heme iron and these all 
may contribute to the complex chemistry and sub- 
sequent physiological actions of NO in the vascu- 
lature (Fig. 2). 

Thiols. Contrary to what was initially thought, 
the reaction between thiols and NO does not re- 
sult in the immediate formation of S-nitrosothiols 
(RSNOs). Instead, NO must undergo oxidation to 
formN 203 , which can then go on to nitrosate nu- 
cleophiles such as thiols. Nitrosation involves a 
reaction in which a NO molecule loses an electron 
while attaching to a nucleophile [19]. The direct 
reaction between NO and thiol is more hkely to 
form NO“ and the corresponding disulfide, a pro- 
cess which is dependent on the presence of tran- 
sition metal ions (reaction 5 [20]). Thiols, and in- 
deed other nucleophiles such as amines, can be 
nitrosated by acidified HNO2, which can gener- 
ate NO+ (reaction 6 ), N2O3 (reaction 7), NO2, 
or an alkyl nitrite (reaction 8 [21]). The nitro- 
sation of thiols, however, is the more physiologi- 
cally relevant reaction pathway, since nitrosation 
of a mi nes is usually associated with pathophysio- 



logical conditions [ 8 ]. 

2 RSH + NO^ NO"-|-RSSR-i- 2 H+ ( 5 ) 
RSH + HNO2 RSNO + H2O (6) 

RSH + N2O3 RSNO H+ + NO2 ( 7 ) 
RS" + RONO -> RSNO -I- RO“ (8) 

RSH + NO+ ^ RSNO + H+ ( 9 ) 



The nitrosation of thiols actually arises from the 
association between a thiol and the nitrosating 
agent that donates NO+ (reaction 9), however, 
since the existence of the NO+ species is so fleeting 
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Fig. 2 . Proposed metabolic fate of NO and its interactions 
with other molecules. Activation of a GPCR by agonists and 
activation of SOCC from the shear stress of blood flow in the 
membrane of endothelial cells increases Caf'^ levels, which in 
turn, activates eNOS. The activation ofeNOS results in the 
conversion of L-arginine to L-citrulline and the liberation of 
NO, which diffuses across to the VSMC and activates sGC, 
increases in cGMP and by, a number of possible mechanisms, 
a decrease in Caf and vasorelaxation. Alternately, NO may 
react with circulating HbO to oxidize NO into NO 2 or NO~^ or 
possibly form a nitrosothiol, HbO-SNO. The autooxidation of 
NO results in the production ofNOs, which can subsequently 
react with additional NO to produce N^Os. NeOs can 
nitrosate RSH to form RSNOs, and induce vasorelaxation. 

The direct reaction between thiols and NO results in the 
formation of a RSSR and NO~, which may also relax VSMCs. 
O2 produced by various enzymatic sources may react with NO 
to produce ONOO~ , which is associated with many adverse 
cellular processes under conditions of oxidative stress. 

Abbreviations: Caf'^, intracellular calcium; EC, 
endothelial cell; eNOS; endothelial nitric oxide synthase; 
GPCR, G-protein coupled receptor; HbO, oxyhemoglobin; NO, 
nitric oxide; NO , nitroxyl anions; NOg, nitrite; NOj/, nitrate; 
N2O3, dinitrogen trioxide; Og, superoxide; ONOO , 
peroxynitrite; RSNO, S-nitrosothiols; RSH, thiols; RSSR, 
disulfide; SOCC, stretch operated calcium channels; sGC, 
soluble guanylate cyclase; VSMC, vascular smooth muscle 
cell. 



it is likely that this association is more relevant in 
transnitrosation reactions (see below). In the lab- 
oratory the preparation of RSNOs is a straightfor- 
ward process that involves reacting solutions of 
thiols with the chosen nitrosating agent at a low 
pH [22], The fact that an acidic environment fa- 
cilitates the nitrosation of thiols also ties in with 
the observation by Furchgott and Jothianandan 
[23] who reported that millimolar concentrations 
of L-cysteine as the hydrochloride salt caused tran- 
sient relaxations of rabbit aorta. They postulated 
that this effect arose because the marked acidity 
of the L-cysteine generated ideal conditions for it 
to be nitrosated by residual nitrates that contam- 
inate the physiological bath solution. This process 
may potentially hold some relevance in conditions 
where pH balance is altered, e.g. metabolic aci- 
dosis, alkaline/acidic diuresis and may influence 
the rate of RSNO formation in vivo. Thiols also 
react with N0“, however the product of this reac- 
tion does not possess significant relaxant activity, 
thus thiols can be regarded as NO" scavengers 
[18]. The vasorelaxant activity of the N0“ donor, 
sodium trioxodinitrate (Angeli’s salt), is substan- 
tially reduced in the presence of high concentra- 
tions of thiols such as L-cysteine [24,25]. This oc- 
curs through a two-stage reaction that results in 
the formation ofhydroxylamine (NH 2 OH), which 
possesses modest relaxant activity [12] and disul- 
fide cysteine (reactions 10 and 11 [26]). However, 
it is important to note that while hydroxylamine 
may induce relaxations, its activity is dependent 
on catalase, whose activity can be reduced by 
thiols [27]: 

H+ -L NO- + RSH ^ RSNHOH ( 10) 

RSNHOH + RSH ^ RSSR + NH 2 OH (11) 

Superoxide. NO reacts with the one-electron re- 
duction product of oxygen, superoxide (Oj ), at 
near-diffusion controlledrate to produce peroxyni- 
trite (ONOO~) (reaction 12 [28,29]). It has also 
been put forth recently that ONOO" could form 
during the reaction between molecular oxygen and 
NO" (reaction 13 [30]), although this may de- 
pend on the excitation state of NO” and has been 
deemed by some authors to be thermodynamically 
unviable [18]: 



NO -h O- ONOO" (12) 

NO- + 02^ ONOO" (13) 

ONOO" oxidizes proteins, DNA and lipids and 
consequently, may be cytotoxic to potential 
pathogens. Elevated oxidative stress characteris- 
tic of many cardiovascular diseases also points to 
the likelihood that these reactive oxygen/nitrogen 
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species contribute to the pathogenesis of these dis- 
ease states. Once formed, 0N00“ can either decay 
into nitrate or nitrite, or in its protonated state 
it could potentially form the highly reactive and 
c 3 l;otoxic, hydroxyl radical (OH‘) and NO 2 [28]. 
However, while these actions are related to the 
involvement of NO in inflammatory processes, it 
is possible that ONOO" could also contribute to 
physiological processes. For example, it has been 
demonstrated to induce relaxations in canine coro- 
nary arteries [31]. The formation of a NO adduct 
between ONOO~ and glucose, or other substances 
with an alcohol group, was also reported to display 
similar activity to NO including vasorelaxation 
and inhibition of platelet aggregation [32,33]. 
There is also evidence that 0N00“ may cause 
S-nitrosation of cellular thiols mediating a NO 
stimulation of soluble guanylate cyclase [34,35]. 
Furthermore, endothelium-dependent generation 
of ONOO“ in response to bradykinin (BK) and 
the calcium ionophore, A23187 was detected from 
bovine aortic endothelial cells [36]. Nevertheless, 
the outcome of the reaction between NO and su- 
peroxide is the reduction of the relaxant activity 
of NO. Superoxide is formed in the mitochondria, 
the endoplasmic reticulum and membranes ofvar- 
ious cells, including activated macrophages and 
endothelial cells [37]. Sources of superoxide in the 
vascular wall include NADPH oxidase [38], xan- 
thine oxidase [39], cytochrome P 460 [40] and cy- 
clooxygenase [41]. Also, under certain conditions 
and in a cofactor-dependent manner, NOS itself 
may generate superoxide anions [42]. 

Heme Proteins. The biological actions of N O are 
thought to be terminated when circulating oxy- 
hemoglobin (HbO) reacts with NO to form the 
complex nitrosylHbO, which is then oxidized to 
metHbO and NO 3 [43]. As heme iron exists ei- 
ther in the ferric (Fe®"*") or ferrous (Fe^"*") state, NO 
may react with either reduced or oxidized heme, 
which consequently ter mi nates its vasorelaxant 
actions [44]. However, recent evidence indicates 
that there may need to be a rethi nk of this percep- 
tion, where instead the interaction between HbO 
and NO may in fact provide a means to preserve or 
sustain the actions ofNO through the formation of 
a reversible complex with HbO [45,46]. Gow and 
colleagues [46] reported that allosteric modifica- 
tions on oxygen-bound HbO may allow coopera- 
tive binding of NO, where NO can nitrosate thiols 
on HbO at the same time as it binds with oxy- 
gen without oxidizing NO into nitrite or nitrate. 
However, the interaction between iron and NO is, 
not only fundamental to its half-life, but also a 
vital aspect to its bioactivity, since interactions 
between NO and heme iron also govern its mes- 
senger functions, specifically the activation of the 



heme-containing enzyme guanylate cyclase. NO 
also participates in redox interactions with other 
transition metal ions such as copper and cobalt 
[47,48]. 

Endogenous Forms of NO 
Due to the reasonably reactive nature of NO and 
its capacity to undergo redox modification by var- 
ious cellular constituents, there is the distinct 
possibility that its cellular effects may in part 
be accomplished by products of these chemical 
interactions. 

Nitroxyl Anion (NO~). The NO“ species has 
been considered by some authors to be the ac- 
tual mediator of the physiological functions of NO 
rather than the free radical form of NO (NO*) [49- 
55]. In the study by Schmidt and co-workers, the 
authors sought to directly measure NO production 
from purified NOS, however, only in the presence 
of superoxide dismutase (SOD) were they able to 
detect NO formation [53]. They hypothesized that 
the final product of NOS is therefore not NO, but 
NO“, which is subsequently oxidized to NO by 
SOD. Alternatively, the oxidation ofthe intermedi- 
ate of NO synthesis, A-hydroxy-L-arginine by cata- 
lase or hydrogen peroxide has also been shown 
to generate NO" [50]. It has also been suggested 
that the dependency of NOS activity on the co- 
factor tetrahydrobiopterin enables the enzyme to 
synthesize NO’ rather than NO"[56,57]. T^e for- 
mation of NO" has also been reported following 
the reduction of NO by Cu/Zn SOD — ^which can be 
coupled to both oxidation or reduction reactions 
with NO [49,52], HbO [45] and cytochrome c [58]. 
NO" generation can also arise following the de- 
composition of RSNOs [20], the reaction between 
NO and thiols [19] and may even be liberated dur- 
ing the reaction between thiols and RSNOs [59]. 

Many studies have evaluated the potential 
endogenous role of NO" by comparing its ac- 
tions against other forms of NO. Feelisch and co- 
workers ruled out the involvement of NO" in me- 
diating endothelium-dependent relaxations under 
bioassay conditions in rabbit aorta [12]. This con- 
clusion was based on the finding that the half-life 
and potency of sodium nitroxyl, which was used 
as a source of NO" anions, did not correspond to 
that of the stimulated release of NO. However, 
in another study, the inhibition of endothelium- 
dependent relaxations in rat aorta by L-cysteine 
was similar to its effects on relaxations elicited 
by a more potent donor of NO", Angeli’s salt 
(sodium trioxodinitrate) but not to responses 
mediated by authentic NO [55]. Furthermore, 
other studies have also reported an inhibitory 
effect of thiols on endothelium-dependent relax- 
ations [60-62]. Since thiols can be regarded as 
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N0“ scavengers (Reactions 10 and 11 [18]), the 
findings of these studies would suggest that 
endothelium-dependent relaxations could at least 
be partly mediated by NO“. 

Studies have also proposed a potential patho- 
physiological role for the NO~ [63,64]. This may 
in part relate to the possibihty that it could form 
the reactive nitrogen species, ONOO~ when it re- 
acts with molecular oxygen [30], however this was 
argued by some as being a thermodynamically un- 
favorable pathway [18,65]. Whether or not thirs re- 
action does proceed under physiological or indeed 
pathophysiological reactions may be a matter of 
opinion; nevertheless, it appears that the cellu- 
lar actions of NO“ are as complex and diverse as 
the non-reduced form ofNO. A comparative study 
on the effects of NO' and NO“ on cardiac func- 
tion following induction of ischaemia-reperfusion 
injury in rabbits revealed that while NO, as well 
as the nitrosothiol, S-nitrosoglutathione (GSNO), 
ameliorated cardiac function, administration of 
Angeh’s salt exacerbated the myocardial dam- 
age that resulted from inducing ischaemia [66]. 
Interestingly, it was shown that in the absence 
of the co-factor tetrahydrobiopterin NOS gener- 
ates NO“ [56]. Low tetrahydrobiopterin levels 
have been associated with endothelial dysfunc- 
tion in conditions such as diabetes, hypertension 
and atherosclerosis [67-69]. Therefore the ele- 
vated production of NO“ by eNOS could react 
with oxygen to generate ONOO~ and ehcit cyto- 
toxic actions which may impact on cardiovascular 
function. Recent evidence also suggests that NO” 
may be coupled to a redox reaction with NADPH, 
and thus, may potentially interfere with many 
NADPH-dependent reactions within the cell [70]. 



S-Nitrosothiols (RSNOs). Thiols may be con- 
sidered as critical determinants of the activity, 
transport and metabolic fate of NO because NO 
can combine with low molecular weight thiols and 
thiols incorporated in proteins to form relatively 
stable NO adducts known as RSNOs [71]. Ex- 
amples include S-nitrosocysteine (CysNO), GSNO 
and S-nitroso-acetyl penicillamine (SNAP). These 
substances under suitable conditions, can either 
decompose to liberate NO, and as such possess 
potent smooth muscle relaxant activity, or be in- 
volved in transnitrosation and S-thiolation reac- 
tions where they can affect signal transduction 
and enzyme activity (for review see [19]). They 
have also been shown to inhibit platelet aggrega- 
tion, and have longer half-lives than NO [12] and 
more recently they have been implicated to play 
a critical role in stress responses such as hypoxia 
[72]. 

Some RSNOs are polar or too large to readily 
cross cellular membranes, therefore the passage 



of NO from RSNOs into cells is likely to involve 
a process called transnitrosation. The NO moi- 
ety is transferred between cellular thiols [17] un- 
til the intended nitrosation reaction occurs which 
causes conformational changes and ultimately the 
intended cellular effect [18]. RSNOs are usually 
biologically stable molecules and the S-N covalent 
bond is not ordinarily sensitive to homolysis ex- 
cept, when irradiated via strong direct hght, which 
results in the homolytic cleavage of the sulphur 
nitrogen bond to yield the corresponding disulfide 
and the NO moiety [73,74]. The decomposition of 
RSNOs is also accelerated in the presence of vari- 
ous metal ions, with the most effective being cop- 
per ions [75] and this may be a mechanism by 
which NO is released from RSNOs in vivo. Com- 
plicating the study of these compounds is the fact 
that copper and iron molecules are often found 
in many physiological buffers. The mechanism by 
which copper catalyses this decomposition is not 
well understood, however it is thought that Cu"*", 
rather than is the species responsible for 

this effect, since selective Cu"*" chelators were re- 
ported to prevent the release of NO from SNAP 
[75], attenuated relaxations induced by GSNO and 
SNAP in rat perfused artery [76], and reduced the 
anti-aggregatory effects ofGSNO on platelets [77]. 
In a physiological setting, copper is derived from 
copper containing proteins, since it rarely exists 
in the free form under normal conditions [75]. For 
example, Cu/Zn SOD, but not Mn SOD, was found 
to promote the decomposition of GSNO and as a 
consequence increased the release of NO [78]. 

The possibihty that RSNOs could account for 
the activity of endogenous NO was first pro- 
posed by Myers et al. [79], who reported that the 
agonist-induced release of NO ehcited relaxations 
that most closely resembled those produced by 
S-nitrosocysteine rather than authentic NO. In 
another study it was shown that NO reacted 
with circulating albumin in plasma to produce a 
nitrosocompound that displayed similar proper- 
ties to endothelium-derived NO, and was there- 
fore suggested to be the actual mediator of 
endothelium-derived NO [80]. However, subse- 
quent studies found distinct differences between 
the reactivities of RSNOs and the endogenous 
form of NO thus discounting this possibility 
[12,81,82]. 

More recent studies by Mayer and coworkers 
have suggested GSNO plays a novel role in the 
cardiac NO/cGMP pathway by acting as an inter- 
mediate in the formation of NO and possibly as an 
intracellular store for NO (Mayer, 1^8). They pro- 
pose that oxidation of glutathione (GSH) produces 
a glutathionyl radical (GS‘ ), which reacts with NO 
to form GSNO, which can be decomposed by Cu^ 
to liberate NO that in turn activates sGC. There 
also appears to be a physiological role for RSNOs 
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in transnitrosation reactions. RSNOs have been 
measured in human blood, predominantly formed 
from circulating albumin [71,83] and in human 
airway smooth muscle [84]. In addition, several 
studies have alluded to, but never isolated, copper- 
containing cell-surface proteins that can catalyse 
the degradation of RSNOs [76,77,85]. Also the lo- 
calization of protein disulfide isomerase, which 
catalyses thiol exchange reactions, on cellular 
membranes has been hypothesised to facilitate the 
entry of RSNOs (possibly originating from plasma 
bound RSNOs) inside a cell, which can then go on 
to transnitrosate intracellular thiols [86,87]. 

Dinitrosyl-Iron Complexes (DNICs). DNICs 
are stable molecules that display distinct elec- 
troparamagnetic spectrum signals and are capa- 
ble of forming stable carriers of NO. In particular, 
NO binds with proteins that contain iron-sulfur 
cluster centres (e.g. aconitase) to form these dis- 
tinct complexes, which can be quantified by elec- 
tron paramagnetic resonance spectroscopy [88]. 
Similarly to the transnitrosation reactions that 
RSNOs participate in, DNICs may transfer their 
co-ordinated NO group to other metalloproteins, 
which may cause conformational changes that re- 
sult in the required cellular effects [89]. DNICs 
display stable and potent relaxant activity of vas- 
cular smooth muscle [12,90] and have been de- 
tected in endothehal cells [91]. They can be formed 
in vivo [89] and have been suggest^ to account for 
the activity of endogenous N O [90,92] . While it ap- 
pears unlikely that this would be the case [12], the 
thiol, 7V-acetyl-L-cysteine has been demonstrated 
to form a DNIC following pre-treatment of rat 
aorta with lipopoly saccharide to induce NO pro- 
duction [93]. The detection of a DNIC highlighted 
the possibility that a stable store of NO could arise 
following any number of inflammatory processes. 

Other Sources of NO. Non-enzymatic forma- 
tion of NO has been reported in a number of stud- 
ies. The most striking demonstration of this was 
the detection ofNO from expired air ofhuman sub- 
jects [94], which the authors postulated arose from 
the highly acidic environment of the gastric lumen 
that converted nitrite into NO. Similarly, it was 
recently proposed by Modin and colleagues [95] 
that the acidic -metabolic vasodilatation seen un- 
der hypoxic conditions might arise following the 
conversion of nitrite into NO by the acidic cellu- 
lar environment. The production of NO from acid- 
ified nitrite is a commonly-used approach to gen- 
erate NO under experimental conditions [96] and 
as such it is interesting that a by-product of cellu- 
lar metabolism and thus a non-enzymatic source 
of NO could have a physiological (or indeed patho- 
logical) role in regulating vascular tone . A non-N O 



synthase enzymatic source is, not surprisingly, cy- 
tochrome P 460 , which in addition to being struc- 
turally similar to NOS, has been reported to be 
able to generate NO in a NADPH and oxygen- 
dependent manner [97,98]. 

Pharmacological Tools Used to Study 
NO-Dependent Functions 

To assess vascular function, agents that inter- 
fere with the NO-dependent signaling pathway 
are routinely used to determine whether NO is in- 
volved in the occurrence of a particular response. 
For example, to elucidate whether a relaxation re- 
sponse in a blood vessel is mediated by NO, an 
inhibitor of NOS would determine if the source of 
this relaxant is NOS. In addition, targeting other 
aspects of NO-dependent signaling can provide 
useful information on the relaxant pathways em- 
ployed by particular vessels for specific mediators. 
By taking advantage of what is recognized about 
NO chemistry, substances that are known to react 
with NO (e.g. superoxide anions) can be used to se- 
lectively target the NO molecule and produce par- 
ticular changes in its actions. Examples of phar- 
macological tools that are routinely used and their 
actions on endogenous NO are summarized in Ta- 
ble 1. 

Inhibition of Soluble Guanylate Cyclase 
The main cellular target of NO is the enzyme 
sGC, located in smooth muscle cells, which cataly- 
ses the conversion of GTP into the second mes- 
senger molecule that ultimately signals relax- 
ation, cyclic GMP. Activation of sGC arises when 
NO interacts with its heme moiety to form a 
complex that ultimately induces conformational 
changes to the enzyme which exposes the cat- 
alytic site to GTP [99]. The prototypical reagent 
used to inhibit sGC was methylene blue, which 
was thought to inhibit the enzyme by oxidis- 
ing its critical heme group, rendering sGC with 
a lesser affinity for NO [100]. However, due to 
its long hst of unspecific actions, including su- 
peroxide generation [101,102] and inhibition of 
NOS [103,104], its use as an inhibitor of sGC 
has been superceded by the more putatively selec- 
tive 1 H-[ 1 ,2,4]oxodiazolo[4,3 ,-a]quinoxalin- 1 -one 
(ODQ) [105]. Like, methylene blue, the inhibition 
of sGC by ODQ is also mediated through the oxi- 
dation of the heme group of the enzyme. Although 
thought to be selective for sGC, it has recently 
been found to have actions on other heme proteins, 
which ultimately could interfere with the activity 
of NOS and cytochrome P 460 [106,107]. Neverthe- 
less, it is the best agent available to inhibit sGC 
and to date a more selective compound has not 
emerged to replace its use. It is also important to 
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Table 1. Examples of the reported effects of various modulators of the NO-dependent pathway on endothelium-dependent 
vasodilatation in different vascular preparations. The listed effect refers to the functional consequence of studying relaxations in the 
presence of the respective agent (* inhibition was observed in the absence ofEDTA in hypercholestrolaemic animals but not healthy 
controls). The concentration of each agent refers to the concentration used in the particular study that brought about a significant 
effect — unless otherwise stated) i.e. ICso value) 



Agents 


Tissue 


Concentration 


Effect 


Refs 


NOS inhibitors 


L-NMMA 


Rat aorta 


0.1-100 fiM 


Inhibition 


[150] 




Rabbit aorta 


3-100 mM 


Inhibition 


[152] 


L-NNA 


Rat aorta 


3-10 pM 


Inhibition 


[203] 




Rabbit aorta 


1.5-100 


Inhibition 


[152] 




Porcine coronary artery 


10 mM 


Inhibition 


[2(M] 


L-NAME 


Rat aorta 


0.1-100 mM 


Inhibition 


[150] 




Rat aorta 


0.4 mM (ICbo) 


Inhibition 


[205] 




Rat perfused heart 


0.26 aM 


Increased pressure 


[206] 


sGC inhibitors 


Methylene blue 


Rabbit aorta 


20 fiM 


Inhibition 


[100] 




Rabbit aorta 


0.4 ± 0.16 pM 


Inhibition 


[207] 




Rat aorta 


10 


Inhibition 


[208] 


ODQ 


Rat aorta 


0.04 ± 0.01 (ICbo) 


Inhibition 


[208] 




Rabbit aorta 


3 /iM 


Inhibition 


[131] 




Mouse aorta 


0.3-10 pM 


Inhibition 


[62] 




Mouse cerebral artery 


3-10 pM 


Inhibition 


[209] 




Bovine pulmonary artery 


1 nM-30 pM 


Inhibition 


[210] 



- '4 

Xanthine oxidase 


Rat aorta 


16mU/ml 


No effect 


[112] 




Rabbit aorta 


4.8mU/ml 


Partial inhibition 


[211] 






20 mU/ml 


Inhibition 


[212] 


Pyrogallol 


Rabbit aorta 


100 pM 


Inhibition 


[117] 




Rat aorta 


100 pM 


No effect 


[112] 




Rabbit cerebral artery 


300 mM 


Inhibition 


[213] 


LY83583 


Bovine pulmonary artery 


10 kM 


Inhibition 


[214] 




Rat aorta 


0.1 ±0.01 /xM(ICbo) 


Inhibition 


[208] 


Antioxidants 










SOD 


Rat aorta 


0.3-100 U/ml 


Relaxation 


[215] 


Ascorbic acid 


Rabbit aorta 


ImM 


Partial enhancement 


[121] 




Rabbit aorta 


1 mM 


No effect 


[216] 




Rat aorta 


30 pM-3 mM 


No effect 


[217] 


Tiron 


Rat aorta 


0.1 /xM-1 mM 


Contraction 


[215] 




Canine basilar artery 


9.4 mM 


Partial enhancement 


[118] 




Rabbit aorta 


1-30 mM 


No effect 


[211] 


TEMPOL 


Rabbit aorta 


0.1 mM- 1 mM 


No effect 


[215] 




Rabbit aorta 


3mM 


Partial inhibition 


[211] 




Rabbit renal afferent arteriole 


1 mM 


Inhibition 


[218] 


NO scavengers 










Haemoglobin 


Rabbit aorta 


1-10 mM 


Inhibition 


[100] 




Rat aorta 


0.14 ± 0.05 pM (ICbo) 


Inhibition 


[133] 




Porcine coronary artery 


16 mM 


Inhibition 


[204] 




Rat mesenteric artery 


1.6 mM 


No effect 


[161] 


Hydroxocobalamin 


Rat aorta 


10-30 pM 


Inhibition 


[138] 




Mouse aorta 


100 pM 


Inhibition 


[62] 




Porcine coronary artery 


200 pM 


Inhibition 


[219] 


Carboxy-PTIO 


Rabbit aorta 


100 atM 


Inhibition 


[128] 




Rat aorta 


300 pM 


Partial inhibition 


[130] 




Mouse aorta 


100 pM 


No effect 


[62] 




Rabbit renal artery 


300 pM 


No effect 


[129] 




Rabbit pulmonary 


300 pM 


No effect 


[129] 



(Continued on next page. ) 
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Table 1. (Continued). 



Agents 


Tissue 


Concentration 


Effect 


Refs 


Thiols 


L-cysteine 


Rat aorta 


1-3 mM 


Partial inhibition 


[55] 


Mouse aorta 


3mM 


Inhibition 


[62] 


Homocysteine 


Mouse pancreatic vascular bed 


2mM 


Inhibition 


[61] 




Rabbit aorta 


1 mM 


Inhibition 


[60] 




Rat aorta 


100 AtM 


Partial inhibition 


[220] 


N-acetyl-L-cysteine 


Human forearm circulation 


1 mM 


No effect 


[82] 


Metal chelators 


EDTA 


Rabbit aorta 


26 aaM 


No effect* 


[221] 




Rabbit aorta 


30 AtM 


No effect 


[216] 


DETCA 


Rat aorta 


10-100 aaM 


Inhibition 


[222] 




Rabbit aorta 


5mM 


Inhibition 


[223] 




Rabbit aorta 


3-10 mM 


Inhibition 


[211] 




Rabbit cerebral artery 


0.3-10 mM 


Inhibition 


[224] 




Bovine coronary artery 


10 mM 


Inhibition 


[225] 




Canine basilar artery 


7.6 mM 


Inhibition 


[118] 


Deferoxamine 


Rat aorta 


1 mM 


No effect 


[226] 




Rat aorta 


100 aaM 


No effect 


[227] 


-SH inhibitors 


N -ethy Imaleimide 


Rat aorta 


10 aaM 


Inhibition 


[228] 


Diamide 


Rabbit aorta 


0.2-1 mM 


Inhibition 


[229] 


Thimerosal 


Dog coronary artery 


10 


Inhibition 


[230] 




Rabbit mesenteric artery 


300 nM 


Enhancement 


[231] 


Ebselen 


Rabbit aorta 


6 tM (IC 50 ) 


Inhibition 


[144] 




Rat aorta 


10 AiM 


Inhibition 


[145] 



Abbreviations: Carboxy-PTIO, 2-[4[carboxyphenyl]-4,4,5,5,-tetramethylimidazoline-l-oxyl 3-oxide; DETCA, diethyldithiocarbamate; EDTA, ethylene 
diamine tetraacetic acid; LY83583, 6-anilino-5,8-quinolinedione; L-NAME, iV^-nitro-L-arginine methyl ester; L-NMMA, iV°-monomethyl»t»-arginine; 
L-NNA,N®-nitro-L-arginine Oj » superoxide anion; NO, nitric oxide; NOS, nitric oxide synthase; ODQ, lH-[l,2,4]oxodiazolol4,3,-a]quinoxalin-l-one; 
sGC, soluble guanylate cyclase; -SH, sulfhydryl group; SOD, superoxide dismutase; TEMPOL, 4-hydroxy-2,2,6,6-tetramethylpiperidine-l-oxyl; Tiron, 
4,5-dihydroxy-l,3-benzene disulfonic acid. 



consider the finding that ODQ does not reduce re- 
laxations to authentic NO to the same degree as it 
inhibits relaxations to endogenous NO or other NO 
donors [62]. Endothelium-dependent relaxations 
to acetylchohne (ACh), endothelium-independent 
relaxations to glyceryl trinitrate and sodium ni- 
troprusside in the mouse aorta were almost abol- 
ished in the presence of ODQ ( 10 /aM). On the other 
hand, ODQ-pretreatment could only produce par- 
allel rightward shifts of curves to endothelium- 
independent relaxations to authentic NO, Angeh’s 
salt and spermineNONOate, indicating that the 
contribution of sGC in mediating these responses 
varies with the source of NO. 

Superoxide Generators 

Endothehum-dependent relaxations were re- 
ported to be impaired in the presence of super- 
oxide generators by several authors [108-110], 
however, these studies were reported before the 
endothelium-dependent factor was identified as 
NO. When it was established that it was in fact NO 
or a NO-related compound [111], it became clear 
that this effect occurred because superoxide an- 



ions were inactivating endogenous NO in the same 
way that they inactivate authentic NO. This ef- 
fect also explains why contractile tone is enhanced 
in the presence of superoxide generators such as 
hypoxanthine/xanthine oxidase. The inactivation 
of endothelium-derived NO released under basal 
conditions by superoxide generators e li minates its 
relaxant influence over smooth muscle tone [112]. 

Conversely, antioxidants such as SOD cause 
relaxations of vascular smooth muscle by pro- 
tecting basal NO from inactivation by super- 
oxide [112-114]. In rat aorta, various antiox- 
idant agents caused significant reductions of 
noradrenaline-induced contractions [115]. This ef- 
fect was endothelium-dependent since following 
the removal of the endothelium these antioxi- 
dants did not elicit relaxations [114,115]. How- 
ever, the study by Mian and Martin [112] revealed 
a differential susceptibihty of basal NO to super- 
oxide anions compared to that of the release in- 
duced by ACh. While the activity ofbasal NO was 
reduced by superoxide anions and enhanced by 
SOD, relaxations induced by acetylchohne were 
largely unchanged in the presence of superoxide 




18 Andrews et al. 



anions. However, these observations are not con- 
sistent with earlier findings where superoxide 
generators did reduce ACh-induced relaxations 
[12,81,108,109]. This difference can be reconciled 
with the fact that these studies were performed 
using a bioassay system, where effluent from cul- 
tured endothelial cells perfused a detector vas- 
cular preparation to ehcit relaxations. The time 
it takes the effluent to reach the detector tissue 
makes it subject to numerous chemical modifica- 
tions (i.e. oxidation) that perhaps make the en- 
dothelial effluent more sensitive to superoxide. 

It may be likely that SOD may be involved 
in protecting NO-dependent functions in vivo, 
since it has been detected in the vasculature, 
specifically binding onto the outer surface of vas- 
cular endothehal cells [116,117]. Therefore sug- 
gesting that SOD specifically serves a protective 
function on endothelium-derived NO, making it 
more resistant against inactivation by superox- 
ide. As expected, the inhibition of this protection 
by SOD with the copper chelator diethyldithiocar- 
bamate (DETCA) caused endothelium-dependent 
relaxations to become more sensitive to superox- 
ide generators [112]. Similarly, pretreatment with 
DETCA also impaired BK- and A23187-induced 
relaxations in canine basilar arteries and this ef- 
fect was reversed following the addition of a more 
selective superoxide scavenger, Tiron [118]. 

Ascorbate is also an antioxidant that effectively 
scavenges superoxide anions found in substan- 
tial levels in plasma [119]. Ascorbate has been 
shown to reduce blood pressure in spontaneously 
hypertensive rats [120] and restore endothelial- 
dependent function in rabbit aortic rings exposed 
to lipoprotein, which promotes superoxide forma- 
tion [121]. However, Jackson and co-workers [122] 
argued that the high concentrations of ascorbate 
required to protect endothelium-dependent relax- 
ations against superoxide generators in DETCA- 
treated rabbit aorta, implied that antioxidant pro- 
tection in the vasculature may not be the main 
mechanism of protection. 

Antioxidant substances would not be expected 
to greatly influence relaxations to RSNOs, since 
they are regarded as being less resistant to su- 
peroxide attack, or as the reaction between super- 
oxide and RSNOs proceeds slower than that with 
NO [123]. As it turns out, ascorbate has a sep- 
arate action on RSNOs, which does not involve 
oxidant protection. Ascorbate has been reported 
to promote the release of NO from RSNOs by re- 
ducing the RSNOs to form free sulfhydryls [124]. 
It has been suggested that this effect may arise 
following the oxidation of cupric ion (Cu^"'') into 
the cuprous ion (Cu'*') — the copper species believed 
to catalyse the decomposition ofRSNOs [75] — ^by 
ascorbate [125]. Alternatively, it has also been sug- 
gested that ascorbate forms a complex with cop- 



per which then targets the nitrosothiol to induce 
it to release NO by an as-yet-unknown mechanism 
[126]. 



NO Scavengers 

As with superoxide generators, there are reported 
differences in the effects of NO scavengers on re- 
laxations mediated by endothelium-derived NO 
when compared to authentic NO. Hydroquinone 
was initially regarded as a superoxide genera- 
tor because it behaved similarly in that it se- 
lectively inhibited relaxations to solutions of NO 
gas but not to the nitrergic transmitter in the 
mouse anococcygeus muscle [127]. However, in 
the same study the authors found when mea- 
suring for chemiluminescence, hydroquinone did 
not generate superoxide anions and instead it 
quenched the chemiluminescent signal produced 
by NO, thus, they concluded that hydroquinone 
was a free radical scavenger. Therefore, the lack 
of selectivity of hydroquinone for free radical 
NO discouraged its use in subsequent studies. 
On the other hand, 2-[4[carboxyphenyl]-4,4,5,5,- 
tetramethylimidazoline-l-oxyl 3-oxide (carboxy- 
PTIO), as a free radical itself, was found to dis- 
play free radical to radical selectivity for NO to 
consequently yield an imidazolineoxyl and NO 2 
[128]. Endothelium-dependent relaxations in rab- 
bit aorta were potently inhibited by carboxy-PTIO 
to a similar magnitude as exogenously applied 
solutions of NO gas [128]. Eurther studies in 
other rabbit blood vessels revealed that its ef- 
fects varied depending on the particular vessel 
studied [129]. Eor example, carboxy-PTIO reduced 
relaxations induced by ACh in the aorta and 
the femoral artery. On the other hand, in renal 
and pulmonary arteries, carboxy-PTIO did not af- 
fect endothelium-dependent relaxations, despite 
relaxations being sensitive to NOS inhibition, 
thus mling out an involvement of EDHP. In the rat 
aorta, carboxy-PTIO also discriminated between 
endogenous forms of NO and authentic NO (so- 
lutions of NO gas) [130]. Endothelium-dependent 
relaxations were significantly reduced by carboxy- 
PTIO only when high concentrations were used 
(also reported by [131]), while those to solutions 
of NO gas were inhibited by carboxy-PTIO at con- 
centrations at least 10 fold less. In addition, the 
selectivity of carboxy-PTIO has recently come un- 
der question. It was reported that while carboxy- 
PTIO reduced cGMP formation in endothelial cells 
induced by the NO donor, diethylamine-NO and 
A23187 through a presumed scavenging action on 
these mediators, it unexpectedly enhanced cGMP 
formation induced by 3-morpholino-sydnonimine 
(SIN-1) [132]. Nonetheless, carboxy-PTIO can dis- 
criminate between different redox forms of NO in 
the rat anococcygeus muscle by reducing relaxant 
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responses to solutions of NO gas but not those pro- 
duced by NO“ [54]. Therefore, it can be presumed 
that carboxy-PTIO selectively targets free radical 
NO over other redox forms of NO. 

The reaction between heme iron and NO was 
briefly mentioned earher. Heme proteins, such as 
circulating HbO, are likely to be endogenous scav- 
engers of NO. As such the relaxant actions of NO 
are reduced in the presence of HbO. For example, 
endothelium-dependent relaxations were greatly 
reduced by HbO, as well as those produced by so- 
lutions of NO gas in rat aorta [133]. Many studies 
have used HbO to reduce endothelium-dependent 
relaxations as well as to authentic NO and other 
NO donors [100, 133-135], thus supporting for a 
role of NO in mediating these relaxations. The 
scavenging actions of HbO are not exclusive for au- 
thentic NO. Reports have shown it to reduce relax- 
ations to the RSNOs nitrosocysteine and SNAP in 
rat aorta [136], sodium nitroprusside and glyceryl 
trinitrate in guinea pig and canine arteries [1 16] 
and induce metHbO formation following treat- 
ment of red blood cells with NO donor compounds 
[137]. 

Hydroxocobalamin contains a cobalt-corrin core 
that bears a close resemblance to the heme por- 
phyrin ring in HbO, and like HbO, has a high affin- 
ity for NO [138], which it combines with to form 
nitrosocobalamin [139]. As such, there are paral- 
lels between the effects of these two substances on 
N O-mediatedresponses. Like HbO, hydroxocobal- 
amin reduced relaxations to both endothelium- 
derived NO and authentic NO in the rat aorta 
[133,138]. 



Sulfhydryl Inhibitors. When evaluating the 
contribution of RSNOs in ehciting relaxations, 
the bond formed between NO and the thiol can 
be prevented by using agents that modify this 
interaction. Examples include agents that pro- 
mote the oxidation of the sulfur-nitrogen bond, 
that inhibit the synthesis of endogenous thiols 
and those that cause the depletion of sulfhydryl 
groups. N-ethylmaleimide, is an irreversible thiol- 
alkylating agent, and has been shown to in- 
hibit endothelium-dependent cGMP accumulation 
in cultured rabbit pulmonary arterial endothe- 
lium cells [140]. However, it has also been re- 
ported to cause loss of sulfhydryl groups on NOS, 
which diminished enzyme activity in porcine aor- 
tic endothelial cells [141], and thus may con- 
found any conclusions that could be made on 
the involvement of RSNOs. In addition, the se- 
lenoorganic compound ebselen has been noted 
as an inhibitor of NOS through an action on 
iron-sulfur groups found in proteins such as NOS 
[142,143]. Its inhibitory actions on NOS can be 
reversed or prevented by performing experiments 



in the presence of reduced thiols [144,145]. An- 
other sulfhydryl inhibitor is ethacrynic acid, which 
can alkylate thiols and thus prevent nitrosoth- 
iol formation. Pretreatment of rat anococcygeus 
muscles with ethacrynic acid non-specifically re- 
duced relaxations induced by nerve stimulation, 
NO and sodium nitroprusside [146], and the au- 
thors concluded that sulfhydryl groups participate 
in mediating the relaxation of these mediators. 
Similarly, Rapoport and Murad, demonstrated 
that guanylate cyclase-independent relaxations to 
the cGMP analogue, 8-bromo cGMP were inhib- 
ited by ethacrynic acid, inferring that sulfhydryl 
groups may also be central to mediating the relax- 
ant signaling pathway beyond guanylate cyclase 
[147]. Therefore, studies which use agents that 
alter sulfhydryl interactions to define the role of 
RSNOs should be interpreted carefully to avoid 
any confounding effects on other thiol-dependent 
cellular functions. 

NOS Inhibitors 

The most often used approach to modulate the 
actions of NO involves the inhibition of NOS ac- 
tivity. Substrate or L-arginine analogues are ex- 
tremely effective inhibitors of NOS and their use 
has been instrumental in establishing the involve- 
ment of NO in various biological processes such 
as macrophage-mediated cytotoxicity [148], neu- 
rotransmission [149], and vasorelaxation [150]. 
Because these compounds resemble the endoge- 
nous substrate, they can compete with either the 
interaction of L-arginine on the NOS active site or 
with the uptake of L-arginine thus reducing the 
availability of substrate for NOS catalysis [151]. 
The inhibition of NOS by substrate analogues can 
be reversed with an excess of L-arginine but not 
with its D-isomer [152], suggesting stereospecific 
binding on the active site of NOS. 

Traditionally, NOS inhibitors were thought to 
be very effective in inhibiting NOS when used at 
their appropriate concentrations. For example, L- 
NNA is typically used at concentrations of around 
100 /xM, yet in pig isolated coronary arteries, max- 
imal effects of l-NNA were observed at concentra- 
tions of less than 10 fiM [153]. However, in recent 
years it has become apparent that either, NOS in- 
hibitors may not be able to completely inhibit the 
eNOS -mediated synthesis of NO, which appears 
unlikely in light of the above study [153], or alter- 
natively, that there may be a NOS inhibitor resis- 
tant source or synthesis of NO. 

NO Stores in the Vasculature? 

The first evidence that in the presence of NOS 
inhibitors endothelial cells may still be able to 
release NO came from a study by Kemp and Cocks 
[154]. Their study found that in precontracted 
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human isolated small coronary arteries the maxi- 
mum relaxation to BK was reduced, but not abol- 
ished in the presence of L -NNA (300 /xM). When 
l-NNA was combined with HbO (20 /rM) a fur- 
ther reduction in the maximum relaxation and 
an 11 -fold shift to the right in the concentration- 
response curve to BK was observed. These findings 
indicated that L -NNA alone did not completely in- 
hibit eNOS in this tissue and it was speculated 
that the release of NO may either be from a non- 
NOS source, due to an excess of L-arginine, which 
could overcome the effects of l-NNA, or, possibly, 
due to an increased metabolism or impaired up- 
take of l-NNA. 

Cohen and colleagues [155] also reported 
that, in precontracted rabbit carotid arteries, 
ACh caused vasorelaxation and hyperpolariza- 
tion, which was reduced but not inhibited in the 
presence of l-NAME (30 fiM). With the addition of 
a very high concentration of L -NNA (300 /rM) in 
conjunction with l-NAME (30 /rM) small amounts 
of vasorelaxation and hyperpolarization were still 
observed. In the same study, the authors also used 
a porphorynic sensor to measure the release of 
NO and chemiluminescence techniques to mea- 
sure nitrite. Indeed, NO release was detected in 
the presence of the NOS inhibitors and it was con- 
cluded that no other endothelium-derived relaxing 
factors were involved, that is NO accounted for all 
the vasorelaxations and hyperpolarizations in this 
tissue. 

In addition, in rat superior mesenteric arteries 
in the presence of l-NNA (100 /rM),ACh-induced 
NO release, which was associated with vasorelax- 
ation, was detected with an NO sensor [156]. Both 
the L -NNA-resistant NO release and vasorelax- 
ation were reversed by HbO (10 /xM) leading the 
authors to suggest that NO mediated the L-NNA 
resistant relaxation. Recent studies have identi- 
fied L -NNA-resistant vasorelaxations and NO re- 
lease in response to BK in pig coronary arter- 
ies and reported that the NO release but not the 
vasorelaxations were inhibited following the in- 
clusion of HbO (10 fiM) [157]. In addition, an L- 
NAME-resistant generation of NO in response to 
KCl (70 mM) in the perfused mesenteric bed of 
the rat [158] has been identified. Although these 
studies put forward a strong argument for the 
presence of a non L-arginine source of NO several 
studies also argue against it in a number of tis- 
sues. Eor example in rat isolated aorta l-NNA (200 
/xM), completely inhibited relaxations induced 
by ACh [159] 

Complicating matters are the findings that NO 
itself, can cause hyperpolarization. In guinea-pig 
uterine arteries ACh-induced hyperpolarizations 
were reduced by l-NMMA (20 /xM) [160] and in 
rat mesenteric arteries at resting tension, but not 
under active force, both solutions of NO gas and 



acidified NaN 02 , induced smooth muscle hyperpo- 
larization [161]. Results from several studies have 
suggested that these hyperpolarizations were the 
result of the activation of potassium (K"*") chan- 
nels as the ATP sensitive K'*' (Katp) channel in- 
hibitor, glibenclamide (10 /xM), reduced hyperpo- 
larizations to NO, but not those to ACh, in rat and 
rabbit mesenteric arteries [161,162]. Additional 
studies have also shown that NO can directly acti- 
vate calcium activated K+ (Kca) channels in rabbit 
cerebral arteries and rat pulmonary arteries in the 
presence of cGMP [163,164] and in rabbit aorta, 
in the absence of cGMP [165]. However, tissue 
and species differences are apparent as NO does 
not activate BKca in cultured human endothelial 
cells [166] or Katp channels in rat isolated aorta 
[167]. In addition, it is not clear if NO can activate 
K+ channels directly or indirectly through cGMP. 
Studies utilising the rat tail artery reported that 
NO could, in addition to guanylate cyclase activa- 
tion, activate Kca channels directly to cause va- 
sorelaxation [168]. 

In both the Kemp and Cocks study and the 
study by Ge and colleagues, the BK- induced relax- 
ations [154] and hyperpolarizations [157] were not 
completely abolished by NOS inhibitors, or even in 
the combined presence of HbO and l-NNA, indicat- 
ing another non-NO hyperpolarizing factor. As the 
relaxations were sensitive to high extracellular K''' 
(30 mM) [154] and Kca channel inhibitors [157] 
these relaxations were attributed to EDHE. More- 
over, electrophysiological studies investigating the 
hyperpolarizing properties of NO donors and ex- 
ogenous NO in rat isolated aorta, have found NO 
hyperpolarizes the tissues by only small amounts 
(2^ mV) [159]. Similar results have been reported 
in precontracted rabbit basilar arteries where ex- 
ogenous NO had little effect on membrane po- 
tential while ACh-induced hyperpolarizations of 
around 8 mV [169]. However, ACh-induced relax- 
ations were not affected by KCl (65 mM) or gliben- 
clamide (10 /xM) suggesting hyperpolarization did 
not play an important role in the relaxations 
[169]. Studies by Plane and colleagues may pro- 
vide a possible explanation for the differences ob- 
served between the effects of endothelium-deri ved 
NO and NO donors. They reported that, in iso- 
lated precontracted carotid arteries from rab- 
bits, both endothelium derived NO and exoge- 
nous NO induced substantial hyperpolarizations 
(~35 mV) which appeared to be mediated by 
cGMP-dependent and -independent mechanisms. 
However, even though the NO donors induced 
similar levels of hyperpolarizations (~35 mV) it 
appeared that the hyperpolarizations to SIN- 1 and 
SNAP were mediated completely by the cGMP 
pathway [170]. 

Of course it is possible that there is another en- 
zyme responsible for the production of ‘residual 
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NO’. As mentioned previously, cytochrome P 460 
due to its stmctural similarity to NOS, can also 
produce NO [171]. However, the studies by Jia 
and colleagues [171] were performed in tracheal 
smooth muscle and to date it is not known if 
cytochrome P 460 can produce NO in endothelial 
cells. In addition, it is difficult to assess the pro- 
duction of NO by cytochrome P 460 in the vascu- 
lature as many of the inhibitors of cytochrome 
P 460 have been shown to have non-specific actions, 
particularly on K+ channels [172-175]. There is 
also evidence that NOS inhibitors themselves 
may be able to non-enzymatically synthesise NO 
[176]. 

The conclusions to be drawn from these studies 
are that it appears possible that, in some tissues, 
there may be a NOS inhibitor-resistant source of 
NO present in endothelial cells that is distinct 
from EDHF. In addition, when attempting to study 
non-NO mediated relaxations in the vasculature, 
it is important that a NO scavenger such as HbO 
(10-20 juM) be used in conjunction with NOS in- 
hibitors and indomethacin. The next logical ques- 
tions are where is this NOS-inhibitor resistant NO 
store and what mediates its release? Is its release 
mediated by the same activators of NOS synthe- 
sised NO or are there separate activation path- 
ways which may be targeted to mediate release NO 
independently of NOS? And, finally, is there a sim- 
ilar store of NO in other cells such as VSMCs? A 
phenomenon that was first described many years 
ago is that of photorelaxation [177] and may re- 
flect the release of NO from a non-NOS derived 
tissue store. 



Photorelaxation 

In 1955, Furchgott reported that precontracted 
rabbit aorta exhibited a reversible relaxation 
when exposed to UV light [177]. Many years later 
this phenomenon was revisited and studies deter- 
mined that this photorelaxation was associated 
with an increase in cGMP levels [178] and reduced 
by NO scavengers such as HbO and methylene 
blue [179]. In addition, photorelaxation is also en- 
hanced by agents that are decomposed by hght to 
release NO, including l-NNA [180] and 3-nitro- 
1,4-dihydropyridines [181]. Given these results, 
it is not surprising that in response to UV light 
NO release from rat aortic rings has been detected 
with a porphorynic sensor [182]. However, studies 
have shown that photorelaxation is not inhibited 
by NOS inhibitors such as L -NMMA [179] suggest- 
ing that photorelaxation is not directly dependent 
upon activation of NOS [183]. There was no sig- 
nificant difference in the photorelaxation response 
in rat aorta of stroke-prone spontaneously hyper- 
tensive rats when compared to control, suggest- 
ing little change in the photorelaxation store in 



disease states that typically impair NO produc- 
tion. In addition, photorelaxation in both strains 
was enhanced by l-NNA (300 ^M), and reduced 
by KCl (40 mM), tetraethylammonium (20 mM) 
and ouabain (1 mM) [184]. This enhancement of 
photorelaxation by l-NNA (100-500 /i,M) was also 
observed in studies utilising rabbit vascular and 
non- vascular smooth muscle [180] and rat isolated 
aorta and trachealis [183]. However, this enhance- 
ment may be the result of NO production from L- 
NNA as evidenced by studies which demonstrated 
a concentration dependent increase in NO from 
l-NNA when exposed to both room light and UV 
light [185, 186]. 

Initial studies with endothelium denuded rab- 
bit aortic tissue demonstrated that tissues relaxed 
to UV light and the conclusion was that pho- 
torelaxation was endothelium independent [179]. 
However, in 1993, Venturini and colleagues found 
that in the same tissue photorelaxation was pro- 
gressively reduced upon repeated exposures to 
hght leading them to hypothesize that photore- 
laxation is mediated by the release of NO from 
a ‘finite’ molecular store in vascular smooth mus- 
cle that can be depleted [187]. In contrast, results 
from experiments utilizing rat aortic rings indi- 
cated that the NO/cGMP pathway or K+ channels 
were not involved in photorelaxation after methy- 
lene blue and KCl had no significant effect on pho- 
torelaxation responses [188]. However, the find- 
ings ofMegson and colleagues [189,190] supported 
those of Venturini and colleagues [191], as they 
found the photorelaxation store in endothelium- 
denuded rat aorta could be depleted by repeated 
exposures to UV light. In addition, they also found 
that endothelial intact rat aorta, depleted of their 
photorelaxation stores, recovered slowly in the 
dark whereas those treated with l-NNA did not, 
leading them to the postulation that eNOS was es- 
sential for repriming the NO utilized by photore- 
laxation. Megson and colleagues also postulated 
that thiols react with oxides of nitrogen originat- 
ing from eNOS to form RSNOs. 

The studies of Megson and colleagues also 
investigated the possibility that the release of 
NO from RSNOs may mediate photorelaxation 
[189,190]. They found that the thiol alkylating 
agent ethacrynic acid reduced photorelaxation 
and postulated that NO was released from a photo- 
sensitive RSNO store in the vascular smooth mus- 
cle of rat isolated aorta. Then again, as mentioned 
previously, ethacrynic acid is fairly non-specific 
agent as it targets many different cellular pro- 
teins with thiol groups. However, the findings of 
Fovren and Triggle [192] indicated that a num- 
ber of RSNO depleting compounds also reduced 
photorelaxation in rat isolated aorta supported 
the view that RSNOs are indeed involved in 
photorelaxation. 
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In recent studies carried out in our laboratory 
we wished to further investigate the role of NOS in 
photorelaxation by examining photorelaxation in 
aortic rings from nNOS deficient (-/-) , iNOS -/- 
and cNOS -/-mice and their background control 
strains (B6;129SF2 & C57BL/6j). We determined 
that photorelaxation in mouse aorta appears to 
involve the release of NO, derived from RSNOs, 
evidently a stable form of NO, which mediates a 
guanylate cyclase activation of Kv channels that 
results in a reversible vasorelaxation [193]. Pho- 
torelaxation was observed in all strains of mice 
examined, suggesting there is no dependence on 
the expression of any particular NOS isoform. 

However, the photorelaxation response in 
endothelium intact and cNOS -/- mice appears 
to be different (Fig. 3). Since, after rundown of the 
store utilized by photorelaxation in the eNOS -/- 
mouse aorta, there was no recovery of the photore- 
laxation response after 1 hour of rest in the dark. 
In contrast, the C57BL/6j control endothelium in- 
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Fig. 3. An original recording illustrating changes in tension 
(mN) in cirazoline precontracted aorta from (a) eNOS (-/-) 
and (b) C57BL/6J mice in response to exposure to UV light 
(UV) and the effect of turning off it off (off). 



tact mouse aorta shows -30% recovery of the pho- 
torelaxation response after 1 hour indicating some 
regeneration of the photorelaxation store. These 
findings suggest that eNOS does appear to be im- 
portant in vitro in the regeneration of photore- 
laxation stores. However, eNOS does not seem to 
be necessary to generate photorelaxation stores in 
vivo as there is a photorelaxation response in the 
eNOS -/- mouse, suggesting that NO can be de- 
rived from another NOS isoform or even a non- 
NOS enzymatic source. We speculate that circu- 
lating blood, containing NO bound in the form of 
RSNOs may be an additional source of NO in vivo 
(Fig. 4). This additional source may be used to- 
gether with NO generated from NOS, to regener- 
ate the photorelaxation store of RSNOs in VSMCs. 
This theory is supported by the recent findings 
that the liberation ofNO from RSNOs outside the 
cell may be catalysed by cell surface protein disul- 
fide isomerase [86,87]. It is postulated that the re- 
leased NO, accumulates in the membrane where 
is reacts with O 2 to produce dinitrogen trioxide 
(N2O3). Intracellular thiols are then nitrosated by 
the N 2 O 3 at the membrane cytosol interface to 
form RSNOs inside the cell. It has been reported 
that the oxidation of NO by O2 to produce N2O3 
was slow and insignificant in vivo [194]. However, 
more recent findings have shown that the reac- 
tion between NO and O 2 is 300 fold more rapid in 
cell membranes [17] and thus, the theory involving 
protein disulfide isomerase [86,87] is a plausible 
one. 



Physiological Implications 
However, fundamental questions still remain. 1 . 
What is the functional relevance of a molecular 
store of NO in vascular smooth muscle? 2. Can 
this store of NO be manipulated through phar- 
macological intervention and thus be a potential 
novel treatment for many different pathophysio- 
logical conditions? In particular, it would be useful 
in conditions in which endothelial dysfunction is 
involved and increased NO production would be 
beneficial. It has been suggested there could be 
beneficial effects from the photochemotherapeutic 
application of UV light in disease states such as 
leukaemia [74]. Although the use of UV light ap- 
pears to be convenient tool for the assay of RSNOs 
in vascular smooth muscle, it is unlikely that UV 
light is the physiological stimulus in vivo that in- 
duces the release of NO from this store. Which 
leads to the question of what is the physiologi- 
cal stimulus? Further studies are required to ad- 
dress this question. However, there are several 
theories as to how NO is released from RSNOs 
in vivo, but it must be pointed out that these 
findings are largely from studies carried out in 
vitro. The, enzyme, y -glutamyl transpeptidase has 
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Fig. 4. Possible pathways involved in the formation, storage 
and release of RSNOs in vascular smooth muscle. Activation 
of GPCR by agonists and activation of SOCC from the shear 
stress of blood flow in the membrane of EC increases Caf'*' 
levels, which in turn activates eNOS. The activation ofeNOS 
results in the conversion of L-arginine to L-citrulline and the 
liberation of NO, which diffuses across to the VSMC and 
activates sGC causing an increase in cGMP. By a number of 
possible mechanisms, channels open, Ca^^ channels close 
and a decrease in Caf'^ results which is followed by 
vasorelaxation. The NO derived from this pathway (1) may 
also form RSNOs inside the cell after a reaction with RSH 
under aerobic conditions. Alternatively, NO liberated from 
RSNOs outside the cell (possibly from the circulating blood) 
by csPDI may provide an additional mechanism (2) for the 
formation of RSNOs inside the cell. The liberated NO reacts 
with Og in the membrane to form NgOs, which reacts with 
intracellular thiols at the cell cytosol interface to produce 
RSNOs NO can be liberated from RSNOs by irradiation with 
UV light (3) which homolytically cleaves the S—N bond of 
RSNOs to release NO. Alternatively, a Cw*' containing 
intracellular enzyme may catalyse the release of NO from 
RSNOs (4). 

Abbreviations: Caf*, intracellular calcium; csPDI, cell 
surface protein disulfide isomerase; Cu^, copper; EC, 
endothelial cell; eNOS, endothelial nitric oxide synthase; 
GPCR, G-protein coupled receptor; NO, nitric oxide; NgOs, 
dinitrogen trioxide; Og, oxygen; RSNO, S-nitrosothiols; RSH, 
thiols; S-N, sulfur-nitrogen; SOCC, stretch operated Ca®'*' 
channels; sGC, soluble guanylate cyclase; VSMC, vascular 
smooth muscle cell. 



been implicated in the decomposition of GSNO 
to S-nitrosocysteinylglycine, which is more sus- 
ceptible to transition metal decomposition than 
GSNO [85]. However, studies that investigated the 
anti-platelet action of GSNO indicated that an- 
other enzyme was involved after the y -glutamyl 
transpeptidase inhibitor, acivicin (1 mM) did not 
affect the rate of GSNO composition [77]. Yet, it 
has been shown that GSNO is a substrate for y- 
glutamyl transpeptidase in the kidney but not the 
heart [195] indicating possible tissue-dependent 
differences for the expression of this enzyme. 
More recent studies by Lipton and colleagues 
have reported a possible physiological stimulus for 
RSNOs in the plasma [72]. They hypothesise that 
RSNOs perform a signalling role in the ventila- 
tory response to hypoxia. Furthermore, they also 
propose a role for y -glutamyl transpeptidase since 
acivicin attenuated the response to GSNO in con- 
trol mice and impaired responses to GSNO were 
observed in y -glutamyl transpeptidase knockout 
mice. After several findings imphcated transition 
metals in the decomposition of RSNOs [75,196], 
Jourd’heuil and co-workers investigated the effect 
of CuZn-SOD on RSNOs [78]. Their results sug- 
gested that in the presence of physiological concen- 
trations ofGSH, the CuZn-SOD associated Cu^"'' is 
reduced to Cu'*', which in turn decomposes RSNOs 
to release NO. Around the same time Singh and 
colleagues, reported similar findings and in addi- 
tion, they also implicated the glutamate moiety in 
the regulation of the decomposition of GSNO as 
without it GSNO is readily reduced to release NO 
[197]. 

Other theories on how NO is released from 
RSNOs implicate the thioredoxin system [198], 
the putative enzyme “GSNO lysase” [199] and 
xanthine oxidase [200]. However, perhaps the 
most promising finding to date is the identi- 
fication of glutathione-dependent formaldehyde 
dehydrogenase as a highly specific modulator of 
GSNO, controlling intracellular levels of both 
GSNO and other RSNOs [201,202]. Moreover, 
when the gene for this enzyme is deleted in mice, 
increased levels of GSNO and RSNOs were de- 
tected together with decreased release of NO from 
GSNO [202]. 

Conclusions 

NO produced by the vascular endothelium acts on 
adjacent VSMCs to signal relaxation, and this pro- 
cess represents a major contributor to the humoral 
control of the vasculature. Owing to its reasonably 
reactive and free radical nature, the chemistry of 
NO is a large determinant of its cellular actions, 
distribution and metabohc fate. For example, the 
propensity for NO to bind with iron would suggest 
that it has a strong affinity for heme proteins, such 
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as the heme moiety in soluble guanylate cyclase, of 
which it is known to activate to signal VSMC relax- 
ation. Among the substances that NO may react 
with on route to activating soluble guanylate cy- 
clase include oxygen, protein thiols, other free rad- 
icals and transition metal ions. The autooxidation 
ofNO produces a substance that has a strong ten- 
dency to incorporate a NO group onto nucleophilic 
cellular constituents, ultimately giving rise to the 
formation of the NO carrier molecules, RSNOs. 
Many useful pharmacological tools have been de- 
veloped which take advantage of the reactivity and 
chemical properties of NO and have been used ex- 
tensively to establish the involvement of NO in 
physiological functions. Their use has also been 
instrumental in identifying a potential non-NOS 
mediated source of NO present in endothelial cells 
that is distinct from EDHF. However, more stud- 
ies are needed to identify the source and cellular 
location of this NO store and what physiological 
stimuli mediate its release. In addition, studies 
have reported a store of RSNOs in vascular smooth 
cells, which under appropriate conditions can re- 
lease NO. Direct exposure to UV light is one such 
stimulus, however, in vivo it appears unlikely that 
this would be the physiological stimulus to medi- 
ate the release ofNO from this store. Therefore, al- 
though the physiological stimulus and mediators 
for the release of RSNOs stored within the VSMCs 
remain elusive, RSNOs stores in the vasculature 
are an exciting prospect for the targeted release of 
NO in the search for a novel therapeutic approach 
for the treatment of many diseases. 
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Abstract. Recent experimental and clinical research solved 
some of the controversies surrounding the myocardial con- 
tractile effects of NO. These controversies were: (1) does 
NO exert a contractile effect at haseline? (2) is NO a posi- 
tive or a negative inotrope? (3) Are the contractile effects 
of NO similar when NO is derived from NO-donors or from 
the different isoforms of NO synthases (NOS)? (4) Does NO 
exert the same effects in hypertrophied, failing or ischemic 
myocardium? 

Transgenic mice with cardioselective overexpression of 
NOS revealed NO to produce a small reduction in hasal 
developed LV pressure and a LV relaxation-hastening ef- 
fect mainly through myofilamentary desensitization. Sim- 
ilar findings had previously heen reported during in- 
tracoronary infusions of NO-donors in isolated rodent 
hearts and in humans. The LV relaxation hastening ef- 
fect was accompanied hy increased diastolic LV disten- 
sihility, which augmented LV preload reserve especially 
in heart failure patients. This beneUcial effect on dias- 
tolic LV function always overrode the small NO-induced 
attenuation in LV developed pressure in terms of overall 
LV performance. In most experimental and clinical con- 
ditions, contractile effects of NO were similar when NO 
was derived from NO-donors or produced by the differ- 
ent isoforms of NOS. Because expression of inducible NOS 
(NOS2) is frequently accompanied by elevated oxidative 
stress, NO produced by NOS2 can lead to peroxynitrite- 
induced contractile impairment as observed in ischemic 
or septic myocardium. Finally, shifts in isoforms or in 
concentrations of myofilaments can affect NO-mediated 
myofilamentary desensitization and alter the myocardial 
contractile effects of NO in hypertrophied or failing 
myocardium. 

Key Words, nitric oxide, myocardium, contractility, 
diastole, heart failure, nitric oxide synthase 



Introduction 

In vascular tissue, the contractile effects of ni- 
tric oxide (NO) are easily appreciated consisting 
of relaxation of isolated vascular strips or va- 
sodilation of perfused organs. In cardiac tissue, 
the contractile effects of NO are far less obvious 
and have been the subject of considerable con- 
fusion and debate. Some of the most important 
controversies surrounding the myocardial con- 
tractile effects of NO were: (1) Does NO exert a 



myocardial contractile effect under base li ne con- 
ditions or only following adrenergic or cholinergic 
stimulation? (2) Can the contractile effects of NO 
be labelled as positively or negatively inotropic? 
(3) Are the contractile effects of NO similar for NO 
derived from NO-donor substances, for NO pro- 
ducedby NOS3 (eNOS, “endothelial-constitutive” 
NOS) or for NO produced by N0S2 (iNOS, 
“cytokine-inducible” NOS)? (4) Does hypertrophy, 
aging, transplantation, heart failure, ischemia 
or sepsis alter the observed contractile effects 
of NO? 

Some of the controversies arose from compar- 
ison of data derived from different experimen- 
tal set-ups ranging from isolated cardiomyocytes, 
papillary muscle strips, perfused rodent hearts, 
anaesthetized open-chest dogs to humans at the 
time of cardiac catheterization. In aU these set- 
ups, myocardial contractility was assessed in an 
unequal and often incomplete way. Isolated car- 
diomyocytes are contracting at low load (i.e. fric- 
tion on a glass surface). Extent of muscle shorten- 
ing (AZ) or velocity of shortening (A//df) recorded 
in isolated cardiomyocytes is therefore hard to 
compare with peak force (F) or speed of force 
development (dF/dt) in isometricaUy contract- 
ing papillary muscles. Effects on diastohc LV 
function can easily be appreciated in perfused 
hearts, open-chest dogs or humans but are diffi- 
cult to detect in isolated cardiomyocytes or mus- 
cle strips because of the controlled preloading 
conditions. Interference by NO in parasympa- 
thetic or sympathetic outflow to the heart is ab- 
sent in isolated preparations but unavoidable in 
humans. 

The present review summarizes the current ev- 
idence for myocardial contractile effects of NO 
thereby highlighting the aforementioned con- 
troversies and shortcomings of the different 
experimental settings. 
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Contractile Effects of NO 
in Normal Myocardium 

Systolic Function 

In isolated cardiomyocytes, administration of ex- 
ogenous NO was first reported to be associated at 
baseline with a small negative inotropic effect, ev- 
ident from a reduction in extent and velocity of 
shortening [1]. In the same preparation, inhibi- 
tion of endogenous NOS 3 had no baseline effect 
but reduced extent and velocity of shortening fol- 
lowing adrenergic stimulation [2]. In isolated iso- 
metrically contracting cardiac muscls strips, NO 
produced by NOS3 of adjacent endocardial cells 
or derived from high, but not low, doses of NO- 
donors exerted a similar small negative inotropic 
effect evident from a reduction in peak isometric 
force development [3-5] without change in rate of 
rise offeree development (dF/dimax) (Fig- 1)- This 
reduction in peak isometric force development re- 
sulted from an earlier onset of isometric relax- 
ation, which abbreviated duration of contraction 
or time left for isometric tension build-up. This 
unique pattern of effect of NO on isometric force 




CONTROL 




Fig. 1. Top; Contractile effects of NO on isometric tension 
development in an isolated cat papillary muscle. NO slightly 
reduces peak tension because of earlier onset of isometric 
relaxation and fails to alter the rate of rise of tension. The 
contractile effects of NO are abolished by a simultaneous rise 
in muscle preload (NO + stretch). Bottom: The contractile 
effects of NO derived from an intracoronary NO-donor 
infusion (sodium nitroprusside; SNP-IC) in a normal human 
subject. In analogy to the contractile effects in a cat papillary 
muscle, there is a reduction in peak LV pressure (LVP), an 
earlier onset ofisovolumic relaxation and no effect on the rate 
of rise of IN pressure. There is also a drop in diastolic IW 
pressures during SNP-IC. 



development revealed the underlying mechanism: 
a NO-induced reduction in myofilamentary cal- 
cium sensitivity because of phosphorylation of tro- 
ponin I by cGMP dependent protein ki nase. 

A similar relaxation hastening effect was 
also observed in experimental preparations using 
whole heart models. In isolated ejecting guinea- 
pig hearts perfused with buffer solution and con- 
tracting with constant preload, afterload and 
heart rate, both NO derived from an NO-donor 
[6] and NO released from the coronary endothe- 
lium following stimulation with bradykinin or 
substance P [7] induced an earlier onset and faster 
rate of LV relaxation and a small reduction in 
peak LV pressure without change inLV dP/dt mav . 
These changes could not be reproduced with the 
cGMP-independent vasodilator nicardipine and 
were therefore unrelated to coronary vasodilation 
or to coronary perfusion. These effects were also 
observed after addition to the perfusate of an- 
giotensin converting enzyme inhibitors probably 
because of slower bradykinin breakdown and were 
abolished by addition of haemoglobin, which inac- 
tivates NO [8]. 

Experiments [9] in transgenic mice with car- 
dioselective overexpression of NOS3 and a 60-fold 
increase in NOS activity (^H-L-Citrulline produc- 
tion) confirmed NO to produce a 30% reduction 
in basal LV developed pressure mainly through 
myofilamentary desensitization and to a lesser ex- 
tent through alterations in sarcolemmal calcium 
fluxes [10,11] or sarcoplasmic calcium handling 
[12-15]. A similar 10% reduction in basal LV de- 
veloped pressure was also observed in transgenic 
mice with cardioselective overexpression ofNOS2 
and a 20- fold increase in ^H-L-Citrulline produc- 
tion [16]. In these mice, addition of L-arginine to 
the perfusion corrected the substrate deficit for 
NOS2 and induced a further 10% drop in LV de- 
veloped pressure. A similar drop in LV developed 
pressure during addition of L-arginine to an in- 
tracoronary substance P infusion had previously 
been reported in the human allograft [17] (Fig. 2). 

A NO-induced and myofilamentary 
desensitization-mediated LV relaxation has- 
tening effect was also observed in the human 
heart during intracoronary infusions of NO-donor 
substances or of substance P, which releases 
NO from the coronary endothelium [18-20]. 
In analogy to the experimental preparations, 
this relaxation-hastening effect abbreviated LV 
contraction, reduced the magnitude of the late- 
systolic reflected LV pressure wave and caused 
a ±10 mmHg drop in LV end-systolic pressure 
at unaltered LV end-systolic volume (Fig. 1). 
There were no changes in the rate of rise of LV 
pressure (LV dP/dtmax)- The small drop in LV 
end-systohe pressure at unaltered LV end-systohe 
volume implied a rightward and downward shift 
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Fig. 2. Three lead electrocardiogram, LV dP/dt, LV pressure (LVP) and right atrial pressure (RAP) recorded in a human allograft 
in control conditions, after 2 and 6 min of intracoronary (IC) substance P (SP) infusion, after 2 and 8 min of intracoronary (1C) 
substance P + L-arginine infusion (SP + L-arg) and 5 min after cessation ofIC infusion. SP releases NO from the coronary 
endothelium, which reduces peak LV pressure without charging LV dP/dt^ax or RAP Addition of L-arg to the SP infusion 
potentiates these effects. Reproduced with permission from [17], 



of the LV end-systolic pressure-volume relation 
and was therefore theoretically consistent with 
a small negative inotropic effect. The unaltered 
LV dP/dtmax and the simultaneous fall in LV 
end-diastolic pressure however argue against sig- 
nificant hemodynamic deterioration as a result of 
these N O-induced negative inotropic effects on LV 
end- systolic performance. In fact, thcNO-induced 
effects on LV end-systolic performance could well 
be beneficial for the ejecting left ventricle as they 
reduced mechanical work wasted in contracting 
against late-systolic reflected arterial pressure 
waves. 

When isolated cardiomyocytes [21] orisometri- 
cally contracting papillary muscle strips [5] were 
exposed to low doses of NO-donors, a positive 
inotropic effect was observed probably result- 
ing from cGMP-induced inhibition of phosphodi- 
esterase 3 and a concomitant rise in cAMP or 
from direct nitrosylation of sarcolemmal or sar- 
coplasmic proteins. Si mi lar positive inotropic ef- 
fects of NO have been reported in anaesthetized 
dogs [22] and in the normal human heart, in 
which an intracoronary infusion of L-NMMA in- 
duced a modest (14%) drop inLV dP/dtmax [23]. 
The dose-dependent transition from a positive 
to a negative inotropic effect occurred at lower 



doses of the NO-donor in the presence of an intact 
endocardium and in the presence of cholinergic or 
B-adrenergic stimulation [5] (Fig. 3). Larger nega- 
tive inotropic effects in the presence of a function- 
ing endocardium implies additive effects of NO 
derived from NO-donors and of NO produced by 
NOS3 of adjacent endothelial cells. Larger nega- 
tive inotropic effects following cholinergic stimu- 
lation implies additive effects at the level of the 
second messenger cGMP, whose intracellular con- 
centration rises both following NO-donor admin- 
istration and cholinergic stimulation. The larger 
negative inotropic effect following B-adrenergic 
stimulation suggests additive effects also at the 
level of the myofilaments because of simultaneous 
phosphorylation of troponin I by cGMP dependent 
protein kinase and by cAMP dependent protein 
kinase. The latter observation has far reaching 
consequences and explains why many experimen- 
tal and clinical studies detected no or only small 
effects of NO under baseline conditions but re- 
ported large changes following B-adrenergic stim- 
ulation. In the human heart, an intracoronary in- 
fusion of substance P following pretreatment with 
dobutamine resulted in a fall in LV end-systolic 
pressure, which was twice as large as the fall ob- 
served in control conditions and accompanied by 
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Fig. 3. Dose response curve of peak isometric tension of an 
isolated cat papillary muscle versus concentration of an 
analogue of cOMP (8-hromo-cGMP), the second messsenger of 
NO. At low doses of cGMP or of NO there is a positive 
inotropic effect, at high doses of cGMP of of NO there is a 
negative inotropic effect. Removal of the endocardial 
endothelium (—EE) shifts the descending limb of the dose 
response curve to the right, addition of acetylcholine (+Ach) 
shifts it to the left. This implies additive effects of exogenously 
administered cGMP to the endogenously produced cGMP by 
the endothelium or following Ach administration. 



a 6% fall in LV dP/dtmax [24] (Fig. 4). A simi- 
lar augmentation by dobutamine of NO-related 
myocardial contractile effects was also observed 
during intracoronary infusion of L-NMMA, which 
potentiated the dobutamine-induced rise in LV 
dP/dtmax by 51% [25] but failed to have any ef- 
fect in the same patient population in control 
conditions [23]. Larger NO-related negative in- 
otropic effects following 6-adrenergic stimulation 
also highlight the importance of the contraction 
mode ofthe experimental preparation. Differences 
in pre- or afterload can indeed affect calcium sen- 
sitivity of crossbridges and can counteract both 
cGMP- or cAMP-induced myofilamentary desensi- 
tization and concomitant changes in timing of my- 
ocardial contraction-relaxation sequence [26,27] 
(Fig. 1). 

Diastolic Function 

NO related phosphorylation of troponin I also in- 
creases myocardial diastolic distensibility through 
prevention of calcium-independent diastolic cross- 
bridge cycling. Such an increase in diastolic dis- 
tensibility, evident from a longer diastolic cell 
length at constant preload, has been observed 
in isolated cardiomyocytes following exposure to 
cGMP, the second messenger of NO or following 
exposure to sodium nitroprusside [28,29]. The in- 
crease in diastolic cell length and the concomitant 
reduction in cell shortening following exposure 
to sodium nitroprusside have been attributed not 
only to cGMP-mediated myofilamentary desensiti- 
zation but also to myofilamentary desensitization 



related to a fall in intracellular pH. This fall in in- 
tracellular pH suggested NO, via cGMP, to disable 
forward sodium-proton exchange [29]. The reverse 
mechanism, intracellular alkalization, has been 
observed following administration of angiotensin 
II or endothelin [30] and following cardiac mus- 
cle stretch, which leads to autocrine production of 
angiotensin II and endothelin [31]. As discussed 
earlier, cardiac muscle stretch can indeed effec- 
tively counteract the NO-induced effects on tim- 
ing of myocardial contraction-relaxation sequence 
[27] (Fig. 1). Moreover, in a beating rabbit heart, 
a sudden increase in LV diastolic stretch because 
of release of a caval occluder, leads to an instan- 
taneous increase in diastolic intramyocardial NO 
concentrations measured by a porphyrinic sen- 
sor inserted in the LV wall of the beating rab- 
bit heart [32]. Hence, a rise in LV preload trig- 
gers not only myocardial autocrine production 
of angiotensin II but also of NO, which can re- 
verse the angiotensin Il-induced changes in in- 
tracellular pH and in myofilamentary calcium 
sensitivity. 

In isolated ejecting guinea-pig hearts, a per- 
fusate containing the specific NOS inhibitor N*^- 
monomethyl-L-arginine, raised LV end-diastolic 
pressure and reduced preload recruitable LV 
stroke volume probably because of an acute left 
and upward shift of the diastolic LV pressure- 
volume relation [33]. In the same preparation, an 
increase in LV preload, caused a rise in the NO 
concentration of the coronary effluent [34] con- 
firming the preload triggered enhancement of my- 
ocardial N O production recorded from porphyrinic 
sensors inserted in the wall of the beating rab- 
bit heart [32]. NO-related changes in diastolic LV 
distensibility have been observed not only follow- 
ing acute administration of a NOS inhibitor but 
also following chronic NOS blockade. In rats re- 
ceiving eight weeks of treatment with the NOS in- 
hibitor L-NAME, the diastolic LV pressure-volume 
relation shifted upward with a significant reduc- 
tion in LV unstressed volume and no increase 
in LV mass despite the elevated blood pressure 
[35]. 

In the human heart, the relaxation-hastening 
effect of NO was also accompanied hy an in- 
crease in LV diastolic distensibility. During 
intracoronary infusions of NO-donors or of sub- 
stance P, the LV diastolic pressure-volume rela- 
tion shifted right- and downward consistent with 
increased LV diastolic distensibility [18-20]. Sim- 
ilar downward shifts of the diastolic LV pressure- 
volume relation had previously been observed 
during intravenous administration of NO-donors 
and had always been attributed to a sequence 
of events consisting of venodilation, right ven- 
tricular unloading and biventricular interaction 
[36,37]. The downward shifts ofthe diastolic LV 
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Fig. 4. Single lead electrocardiogram, LV dP/dt and LV pressure (LVP) recorded in a human allograft at baseline, after 2 and 5 
minutes of intracoronary (IC) substance P (SP) infusion and 3 and 5 minutes following infusion in the absence (top panel) and in 
the presence of an intravenous infusion of dobutamine (DOB-IV) (bottom panel). During intravenous infusion of dobutamine, an 
IC-SP infusion results in a larger drop in LV pressure than before (50 mmHg vs. 15 mmHg). Reproduced with permission from [98]. 



pressure-volume relation observed during intra- 
coronary infusion of NO-donors did however not 
result from such a sequence of events but from 
a direct myocardial effect of NO (probably phos- 
phorylation of troponin I and reduced calcium- 
independent diastolic crossbridge cycling) for the 



following reasons: (1) the doses ofNO-donors in- 
fused intracoronarily were too low to elicit sig- 
nificant systemic vasodilator effects; (2) a right 
atrial infusion ofthe same dose of NO-donor failed 
to reproduce the observed shift in the diastolic 
LV pressure-volume relation; (3) the shift in the 
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diastolic LV pressure-volume relation persisted 
even after transforming the measured LV dias- 
tolic pressure to transmural LV diastolic pressure 
and (4) the fall in LV end-diastolic pressure was 
accompanied by an increase in LV end-diastolic 
volume and a fall in heart rate, both of which 
were incompatible with peripheral vasodilator 
effects. 

Contractile Effects of NO in Hypertrophied 
and Senescent Myocardium 

In hypertrophied cardiomyocytes isolated from 
aortic-banded rats, exposure to the NO-donor 
sodium nitroprusside failed to alter diastolic cell 
length, to reduce the amplitude of cell shorten- 
ing or to lower intracellular pH, all of which were 
observed in cardiomyocytes from normal rats fol- 
lowing exposure to sodium nitroprusside [29]. In 
a guinea-pig model of compensated LV hypertro- 
phy induced by aortic banding, the LV relaxant 
effects of endothelially released NO were signif- 
icantly blunted despite a preserved response to 
exogenous NO [38]. This defective contractile re- 
sponse was unrelated to alterations in coronary 
flow but reflected the impact onLV performance of 
an hypertrophy-induced endothelial dysfunction 
and concomitant reduction of NO bioactivity. Re- 
duced NO bioactivity in the hypertrophied heart 
could have resulted from a decrease of NOS3 ex- 
pression or from inactivation of NO by reactive 
oxygen species (ROS) such as superoxide anion. In 
the guinea-pig model of aortic banding [38] and in 
the spontaneously hypertensive rat [39], NOS3 ex- 
pression was unaltered or even upregulated. This 
made increased ROS production the most likely 
cause for the reduction of NO bioactivity and for 
the defective LV relaxant response to coronary en- 
dothelial stimulation. Increased ROS production 
could have resulted from dysfunctional NOS be- 
cause of deficiencies in cofactor or substrate (i.e. 
tetrahydrobiopterin or L-arginine) or from upreg- 
ulation of other enzymes such as NADH/NADPH 
oxidases [40]. In the same guineapig model of com- 
pensated LV hypertrophy produced by aortic band- 
ing, neither tetrahydrobiopterin nor L-arginine 
corrected the defective LV relaxant response to 
coronary endothelial stimulation. The latter was 
however restored by vitamin C, deferroxamine or 
superoxide dismutase and in line with these ob- 
servations, protein expression of the NADPH oxi- 
dase subunits (gp91-phox and p67-phox) and my- 
ocardial NADPH oxidase activity were shown to 
be significantly increased in the banded animals 

[41]. 

In patients with LV hypertrophy of aortic steno- 
sis, intracoronary administration of a NO-donor 
caused a marked fall in LV end-diastolic pres- 



sure and in LV end-diastolic chamber stiffness 
[19]. The fall in LV end-diastolic pressure ob- 
served in the aortic stenosis patients was larger 
than the fall observed in normal controls (-39 
vs. -21%) but the fall in peak and end-systolic 
LV pressures was smaller than in control sub- 
jects. The larger fall in LV end-diastolic pres- 
sure observed in the aortic stenosis patients could 
have resulted from their higher baseline LV end- 
diastolic pressure and not from a higher myocar- 
dial sensitivity to the distensibility-increasing ef- 
fect of NO. When the left ventricle is operating 
on the steeper portion of its diastolic pressure- 
volume relation, a NO-induced rightward shift of 
the diastolic pressure-volume relation will result 
in a larger reduction in LV end-diastolic pressure 
than when the left ventricle is operating on the 
flat portion of its diastolic pressure-volume rela- 
tion. The smaller fall in peak and end-systolic LV 
pressures was consistent with a lower sensitiv- 
ity of hypertrophied human myocardium to the 
relaxation-hastening effect of NO and confirmed 
the aforementioned reduction in contractile re- 
sponse to NO observed in cardiomyocytes of aortic 
banded rats [29]. Lower sensitivity of hypertro- 
phied myocardium to the relaxation-hastening ef- 
fect of NO could possibly be explained by lower 
concentrations in hypertrophied myocardium of 
troponin I, whose breakdown is accelerated when- 
ever the left ventricle is chronically subjected to 
elevated LV filling pressures [42]. Other mecha- 
nisms for a lower sensitivity of hypertrophied my- 
ocardium to the contractile effects of NO include 
a lower baseline cGMP concentration in hypertro- 
phied myocardium, which would make it operate 
on the flat portion of its biphasic dose-reponse to 
NO [5,43] (Fig. 3), or blunted downstream signal- 
ing in hypertrophied myocardium from cGMP to 
sodium-proton exchange [29]. Both the lower my- 
ocardial sensitivity to NO and the lower myocar- 
dial bioactivity of NO could be important mecha- 
nisms for the diastolic dysfunction of the hyper- 
trophied LV. 

The effects of aging on myocardial NOS activity 
are controversial. In one study, myocardial NOS3 
activity was increased in the aging rat heart [44]. 
Despite increased myocardial NOS3 activity, left 
ventricular diastolic distensibility was reduced as 
evident from an elevation of left ventricular filling 
pressures. Similar to the human allograft [17], the 
reduction in diastolic left ventricular distensibility 
of the senescent rat heart reacted favourably to ad- 
ministration of L-arginine. Both observations war- 
rant further investigations on the clinical use of 
L-arginine for the treatment of aging-induced di- 
astolic left ventricular dysfunction. Other studies 
documented an aging-induced reduction of NOS3 
activity [45] and upregulation of NOS2 activity 
[46]. 
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Contractile Effects of NO in Transplanted 
Myocardium 

In transplanted myocardium, myocardial con- 
tractile effects of NO were the subject of in- 
tense research because of the early demonstration 
of NOS2 gene expression in transplanted my- 
ocardium [47] and because of the numerous ex- 
perimental studies, which li nk ed NOS2 gene 
expression to contractile dysfunction in experi- 
mental preparations [48-52]. In transplant re- 
cipients free of rejection or graft vasculopathy, 
a Doppler echocardiographic index of LV perfor- 
mance revealed a significant association between 
systolic, diastolic or combined LV dysfunction and 
intensity of NOS2 gene expression in simulta- 
neously procured LV biopsies [47]. An invasive 
study in transplant recipients obtained microtip 
LV pressure recordings and simultaneous LV an- 
giograms at the time of annual coronary angiog- 
raphy but found si mi lar indices of base li ne LV 
function in transplant recipients with low or high 
myocardial NOS2mRNA [53]. This study however 
observed a larger relaxation-hastening effect and 
a larger reduction in peak and end-systolic LV 
pressure in transplant recipients with high my- 
ocardial NOS2 mRNA following intravenous infu- 
sion of the B-agonist dobutamine. These findings 
resembled the contractile effects of NOS3-derived 
NO. The latter were also studied in transplant 
recipients using intracoronary infusions of sub- 
stance P, which releases NO from the coronary 
endothelium. The relaxation hastening effect and 
the concomitant fall in peak and end-systohc LV 
pressure of NOS3-derived NO were small under 
baseline conditions but rose drastically following 
pretreatment with dobutamine (Fig. 4) [24]. The 
similar contractile effects during dobutamine in- 
fusion of NOS2- or NOS3-derived NO also sup- 
ports substantial bioavailability of NOS2-derived 
NO. Bioavailability ofNOS2-derived NO has been 
questioned because of the simultaneous presence 
in transplanted myocardium of rejection-related 
oxidants, which could combine with NO to gen- 
erate peroxynitrite [54] and which could thereby 
prevent NO from exerting its direct effects on the 
cardiomyocytes . The myocardial bioavailability of 
NOS2-derived NO was also indirectly demon- 
strated in transplant recipients by higher myocar- 
dial cGMP concentrations [47] and more recendy 
by higher transcardiac nitrite/nitrate production 
[55] in the presence of upregulated NOS2 gene ex- 
pression. 

Rejection related oxidants or lower base li ne 
myocardial concentrations of cGMP or of cAMP 
could explain the smaller LV relaxation-hastening 
effect of intracoronary NO-donor infusions in 
transplant recipients compared to a normal con- 



trol population subjected to a si mi lar infusion 
protocol [56]. In the cardiac allograft, baseline 
diastolic LV dysfunction predicted a poor NO- 
induced LV relaxation-hastening effect. The in- 
verse correlation between the NO-induced LV 
relaxation-hastening effect and baseline diastolic 
LV dysfunction could be related to varying de- 
grees of oxidative stress, which could induce dias- 
tolic LV dysfunction because of sarcoplasmic mem- 
brane damage and a reduction ofthe LV-relaxation 
hastening effect because of lower NO bioavailabil- 
ity. Low baseline cGMP concentration could result 
from reduced coronary NOS3 release because of 
graft vascular disease and could explain the char- 
acteristically shrunken appearance of the trans- 
planted LV [57] in analogy to the small LV cavity 
size of rat hearts following chronic treatment with 
NOS inhibitors [35]. Low baseline cAMP concen- 
tration in the cardiac allograft could result from 
cardiac denervation and could act in concert with 
the presence of oxidants and low baseline cGMP 
concentration to blunt the NO-donor induced LV 
contractile effects in the cardiac allograft. 

Contractile Effects of NO in Eailing 
Myocardium 

In analogy to transplanted myocardium, the early 
reports of increased myocardial NOS2 [58-64] and 
NOS3 [65] expression in failing human hearts 
stimulated research on the myocardial contrac- 
tile effects of NO in failing myocardium because of 
the widely proposed but unfortunately unproven 
paradigm of excess NO production contributing to 
contractile depression. 

In dogs with pacing-induced heart failure, my- 
ocardial NOS activity was significantly increased 
compared to control dogs. Administration of a NOS 
inhibitor to cardiomyocytes isolated from these 
hearts had no effect on baseline myocardial per- 
formance but augmented the inotropic response 
to 6-adrenergic stimulation [66]. Similar results 
were obtained in muscle strips of explanted hu- 
man cardiomyopathic hearts: L-NMMA adminis- 
tration had no effect on basel in e isometric force de- 
velopment but increased the dobutamine-induced 
rise in contractile performance [62]. Other investi- 
gators however failed to confirm these results and 
observed no changes in the contractile response 
to B-adrenoreceptor stimulation following admin- 
istration of a NOS inhibitor to cardiomyocytes iso- 
lated from cardiomyopathic human hearts [67]. 
Moreover, in the pacing-induced heart failure dog 
model, the fall in LV stroke work and the rise in 
LV end-diastolic pressure observed after 4 weeks 
of pacing was accompanied by a fall in cardiac 
NO production as evident from a smaller tran- 
scardiac nitrite/nitrate gradient [68]. In this same 
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model, dampening of the myocardial B-adrenergic 
response has recently been attributed to increased 
cGMP levels resulting not from excess N O-induced 
guanylyl cyclase activity but from reduced phos- 
phodiesterase 5-mediated cGMP breakdown [69]. 

In patients with dilated cardiomyopathy and 
biopsy proven endomyocardial NOS2 gene expres- 
sion, intracoronary infusion of L-NMMA had no 
effect on LV contractile performance [23]. In the 
same patient population, an intracoronary in- 
fusion of L-NMMA had previously been shown 
to potentiate the dobutamine-induced rise in LV 
dP/dtraex [25]. In the pacing-induced heart failure 
dog model, the latter finding was confirmed and 
related to abundance of caveolin protein in fail- 
ing myocardium [70]. Caveolin protein abundance 
in failing myocardium reduces NOS3 activity and 
interferes with translocation of receptor-agonist 
complexes from the sarcolemma. The beneficial 
outcome of statins in heart failure could, apart 
from their effects on rho proteins, also relate to 
reduction of caveohn and concomitant enhance- 
ment of NOS3 activity [71]. In dilated cardiomy- 
opathy patients with elevated LV filling pressures, 
intracoronary infusion of substance P enhanced 
myocardial NOS2 activity, slightly reduced LV 
end-systohc pressure but improved overall hemo- 
dynamic status as evident from higher LV stroke 
volume and LV stroke work [64]. These benefi- 
cial NO-related contractile effects resulted from 
a simultaneous NO-induced increase in diastolic 
LV distensibihty. Low intensity of LV endomy- 
ocardial NOS 2 and NOS 3 gene expression was 
recently demonstrated to coincide with a hemo- 
dynamic phenotype of dilated cardiomyopathy 
patients characterized by elevated LV diastolic 
stiffness and reduced LV stroke work [72]. In 
contrast to this hemodynamic phenotype with 
poor prognosis, dilated cardiomyopathy patients 
with low LV diastolic stiffness and preserved LV 
stroke work had higher intensity of NOS2 and 
NOS3 gene expression, which attained the level 
observed in athlete’s heart [72] (Fig. 5). Low LV 
diastolic stiffness, reversible right- and downward 
displacement of the diastolic LV pressure- volume 
relation and high LV preload reserve are typi- 
cal features of athlete’s heart and could be NO- 
mediated because of the documented upregulation 
of NOS activity and expression following regular 
physical exercise [73,74]. Simultaneous improve- 
ment in diastohc LV distensibihty also overrode 
the NO-induced attenuation of the LV contrac- 
tile response to dobutamine in terms of overall 
hemodynamic status of dilated cardiomyopathy 
patients. In two studies [24,75], agonist-induced 
coronary endothelial release of NO during intra- 
venous administration of dobutamine resulted in 
a small reduction of LV contractility indices such 
as LV dP/dtiaax and LV elastance but without 
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Fig. 5. In patients with non-ischaemic dilated 
cardiomyopathy, an inverse relation was observed between LV 
diastolic stiffness (stiffness-Mod) and intensity of 
endomyocardial NOS2 gene expression normalised for LV 
end-diastolic wall stress (LVEDWS) (Top). A similar relation 
was also observed for LV ejection fraction (EF) [72], Both 
relations imply better hemodynamic status in patients with 
dilated cardiomyopathy when myocardial NOS2 gene 
expression is elevated. 



hemodynamic deterioration as evident from un- 
altered LV stroke volume and reduced LV end- 
diastolic pressure. The fall in LV end-diastolic 
pressure was accompanied by an unchanged LV 
end-diastolic volume and was therefore consistent 
with an improvement in LV diastolic distensibil- 
ity. NO-related modulation of diastolic LV disten- 
sibility was also observed in the pacing-induced 
heart failure dog model [68]. In this model, a 
fall in myocardial NO production occurred after 
4 weeks of pacing. This fall was accompanied by 
a steep rise in LV end-diastolic presssure because 
of reduced diastolic LV distensibihty and a drop 
in LV stroke volume. From these observations 
in patients with dilated cardiomyopathy and in 
dogs with pacing-induced heart failure, it seems 
justified to conclude that there is no objective 
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evidence for NO, whether derived from NOS2 or 
NOS3, to account for hemodynamic deterioration 
of failing myocardium, either at baseline or during 
B-adrenoreceptor stimulation [43,76]. 

Contractile Effects of NO in Ischemic 
and Septic Myocardium 

NO exerts marked protective effects on isolated 
reoxygenated cardiomyocytes mostly through 
prevention of reoxygenation-induced hypercon- 
tracture [77]. These effects are cGMP dependent 
because addition of methylene blue, an in- 
hibitor of soluble guanylyl cyclase, reduces NO- 
induced protection. Although a specific negative 
contractile effect of NO can not be excluded, 
cGMP-induced phosphorylation of troponin I 
could certainly contribute through prevention 
of calcium-independent diastolic crossbridge cy- 
cling [78]. Other mechanisms include reduction 
of osmotic fragility of the sarcolemma damaged 
by increased oxidative stress because of radical 
scavenging properties of NO [79]. 

In opposition to the uniform findings in iso- 
lated cardiomyocytes, reports on the outcome of 
inhibition of NO synthase in ischaemic-reperfused 
hearts are controversial. Especially under acidotic 
conditions, as present during low-flow ischemia, 
peroxynitrite anions, which result from reaction 
of NO with superoxide anion, get protonated and 
subsequently decay rapidly to generate hydoxyl 
radicals [80], which are highly toxic for sarcolem- 
mal or sarcoplasmic membranes. Consistent with 
this sequence of events, inhibition of NO synthe- 
sis has been reported to reduce reoxygenation in- 
jury in anaesthetized piglets [81] and to reduce 
infarct size in rabbits [82]. In contrast to these ini- 
tial results, subsequent studies reported endoge- 
nous release of NO to protect against ischemia- 
reperfusion. Both in the ischemic-reperfused rat 
[83] and rabbit [84] heart, inhibition of endoge- 
nous NO synthesis by L-nitro arginine increased 
the ischemia related contractile deficit possibly be- 
cause of a NO-mediated scavanging effect of free 
radicals with a concomitant reduction in ischemic 
injury. 

In the search for the contractile effects of en- 
dogenous NO during ischemia-reperfusion, phar- 
macological inhibition of NO was replaced by 
the use of transgenic NOS2 or NOS3 knock-out 
mice. Here again, the results were nonuniform: 
some investigators found exacerbated ischemia- 
reperfusion injury in NOS knock-out animals 
while other investigators observed a protective ef- 
fect of endogenous NO production [85,86]. Using 
an isolated mouse heart preparation, an interest- 
ing crosstalk between NOS2 and NOS3 during 
ischemia-reperfusion was recently reported [87]: 



in NOS3 knock-out mice subjected to 30 minutes 
of global ischemia followed by reperfusion, a para- 
doxical increase of NO production was observed 
because of superinduction of NOS2. This increased 
NO production, blunted the hyperdynamic re- 
sponse during early reperfusion and protected the 
heart against myocardial injury as evident from 
a reduction in infarct size. Similar findings were 
observed in wild-type mice treated with the NO- 
donor S-nitroso-N-acetylpenicillamine (SNAP). In 
these experiments, NO-induced myofilamentary 
desensitization because of cGMP-induced phos- 
phorylation of troponin I served as a brake for 
the myocardial hypercontractile response to early 
reperfusion thereby reducing energy demand and 
ATP deficit. 

Apart from affecting the initial contractile re- 
sponse to ischemia-reperfusion injury, NO could 
also influence long-term left ventricular remodel- 
ing after myocardial infarction [88]. In the early- 
postinfarction period, left ventricular contractile 
performance in wild-type and NOS2 knock-out 
mice was similar, but 4 months after infarction, 
NOS2 knock-out mice had superior hemodynam- 
ics and better survival because of reduced apop- 
totic cell death and myocyte loss in the nonin- 
farcted zone [89]. Similar findings were reported 
by other investigators, who noticed an earlier in- 
crease in left ventricular end-diastolic diameter 
and an earlier decrease in fractional shortening 
at 1 month post-infarction in wild type mice com- 
pared to NOS2 knock-outs [90]. In these end- 
stage mice-infarct models, circulating levels of free 
radicals become very elevated [91] and the ob- 
served late deterioration of left ventricular per- 
formance could therefore result not from NO it- 
self but from elevated oxidative stress, which 
triggers peroxynitrite production and hydroxyl- 
related membrane damage in the presence of NO 
[92,93]. The superior long-term outcome following 
myocardial infarction in wild-type mice compared 
to NOS3 knock-out mice also argues against direct 
NO-related deleterious effects on long-term post- 
infarct LV remodeling [94]. Moreover, in endothe- 
lial cells, NO confers protection against apop- 
totic cell death via s-nitrosylation of caspases. In 
these cells, aging-induced loss of NOS3 activity in- 
creases sensitivity to oxidized LDL or tumor necro- 
sis factor a induced apoptosis [95]. 

A detrimental role of peroxynitrite rather than 
NO was also demonstrated in septic or endotox- 
emic hearts. Once established, the depressed car- 
diac function after endotoxin administration was 
not reversed by NOS inhibition [96] and myocar- 
dial function of the endotoxemic heart remained 
depressed even after return of NOS2 protein 
levels to control value [97]. The large quanti- 
ties of NO produced by NOS2 during the ini- 
tial episode of endotoxemia could however have 
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promoted the formation of peroxynitrite, which 
could have irreversibly impaired contractile per- 
formance through long-lasting modifications of 
proteins such as actin, sarcoplasmic Ca-ATPase 
or sarcoplasmic Ca-release channel (ryanodine 
receptor). 



Conclusions 

Recent experimental and clinical research clar- 
ified some of the controversies surrounding the 
myocardial contractile effects of NO. In trans- 
genic mice with cardioselective overexpression of 
NOS3 [9] or of NOS2 [16] and with a 60- to 
20-fold increase in myocardial NOS activity, NO 
produced a small reduction in basal LV devel- 
oped pressure and a LV relaxation-hastening ef- 
fect mainly through myofilamentary desensitiza- 
tion and to a lesser extent through alterations in 
calcium handling. Similar findings had previously 
been reported during intracoronary infusions of 
NO-donors and of substance P, which releases NO 
from the coronary endothelium, in isolated rodent 
hearts [6,7], in normal control subjects [18,20] 
and in patients with aortic stenosis [19]. The LV 
relaxation hastening effect was always accompa- 
nied by increased diastolic LV distensibility, which 
augmented LV preload reserve especially in di- 
lated cardiomyopathy patients [64]. In this pa- 
tient population, low endomyocardial NOS expres- 
sion was accompanied by an unfavourable hemo- 
dynamic phenotype characterized by elevated LV 
diastolic stiffness and reduced LV stroke work 
[72]. The beneficial effect of NO on diastolic LV 
function always overrode the small NO-induced 
attenuation in LV developed pressure in terms 
of overall LV performance [43]. In most experi- 
mental and clinical conditions, contractile effects 
of NO were similar when NO was derived from 
NO-donors or produced by the different isoforms 
of NOS [24,53]. Because expression of inducible 
NOS (NOS2) is frequently accompanied by ele- 
vated oxidative stress, NO produced by NOS2 can 
lead to peroxynitrite formation and irreversible 
contractile impairment as observed in post-infarct 
LV remodeling [89,90] or sepsis [97]. Finally, pres- 
ence ofROS and shifts of myofilaments to isoforms 
with reduced susceptibility to cGMP-mediated de- 
sensitization can ^ter the myocardial contrac- 
tile effects of NO in hypertrophied or failing my- 
ocardium [29,38]. 
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Abstract. Platelets play an important role in physiologic 
hemostasis and pathologic thrombosis that complicate the 
course of vascular disorders. A number of platelet functions 
including adhesion, aggregation and recruitment are con- 
trolled by nitric oxide (NO) generated by platelets and the 
endothelial cells. Derangements in this generation may con- 
tribute to the pathogenesis of thrombotic complications of 
vascular disorders. The pharmacologic supplementation of 
the diseased vasculature with drugs releasing NO may help 
to restore the hemostatic balance. 
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infarction, reperfusion 



Introduction 

Catastrophic events leading to myocardial 
ischemia and infarction result from atheroscle- 
rotic plaque rupture and are mediated to large 
extent by formation of occlusive platelet throm- 
bus at the site of injury [1]. The objective of this 
article is to review the actions of nitric oxide (NO) 
in regulation of platelet function in physiology 
and during the coronary artery disease. We 
will also attempt to review the pharmacological 
effects of NO donors on the diseased coronary 
circulation. 



A Brief Overview of Platelet Function 

Blood platelets play a vital role in vascu- 
lar hemostasis. Following an accidental injury, 
platelets adhere to the damaged portions of the 
vessel wall and then aggregate forming the hemo- 
static plug in order to seal the vessel and con- 
tain blood loss. This ability of the vasculature 
must be carefully balanced against the neces- 
sity to maintain the fluid state of blood in or- 
der to provide oxygen and nutrients to the cells 
and tissues. A failure to maintain blood in its 
fluid state leads to thrombosis, one of serious 
manifestations of vascular dysfunction. In or- 
der to maintain tight control over the process 
of platelet activation, regulatory mechanisms op- 
erate as an interactive system of agents that 



stimulate or inhibit the process of platelet acti- 
vation. While thromboxane A 2 , adenosine diphos- 
phate and matrix metalloproteinase-2 mediate the 
activator platelet reactions [2], prostacyclin, AD- 
Pase and NO provide the platelet inhibitor path- 
ways of regulation [3]. These labile mediators 
control the platelet surface abundance of major 
platelet receptors including P-selectin, glycopro- 
tein (GP) Ib and GP Ilb/IIIa [4-6]. The activa- 
tion of these receptors leads to platelet adhesion 
to the components of the extracellular matrix and 
aggregation. 



Regulation of Platelet Hemostasis by NO 

Nitric oxide (NO) is a gaseous biological medi- 
ator first identified as the endothelium-derived 
relaxing factor (EDRF) [7-9]. It is generated 
from the guanidino-nitrogen of L-arginine yield- 
ing citrulline (for review see [10]) and plays a 
prominent role in controlling a variety of func- 
tions in the cardiovascular, immune, reproductive, 
and nervous systems [11-13]. The production of 
NO is catalyzed by three major isoforms of the 
enzyme NO synthase (NOS): neuronal (nNOS), 
inducible (iNOS), and endothelial (eNOS) [14—16]. 
The nNOS and eNOS are constitutively expressed 
and activated by calcium entry into cells [17,18], 
whereas iNOS is calcium-independent, and its 
synthesis is induced in inflammatory and other 
cell types by stimuli such as endotoxin and 
proinflammatory cytokines [ 1 9-2 1 ] . 

In 1986-1987, we analyzed the non-eicosanoid, 
vasodilator and platelet-inhibitory properties of 
endothelial cells and found that these could be 
accounted for by the release of EDRF [8,22,23]. 
Moreover, comparison of pharmacological proper- 
ties of EDRF with those of NO gas, and the mea- 
surement of NO metabolites (nitrite and nitrate) 
released during these reactions clearly showed 
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Fig. 1. Overview of the role of NO in platelet function. Nitric 
oxide generated from L-arginine (L-arg) by the endothelial 
cells and platelets activates the soluble gunaylate cyclase 
(GC-s) to increase the levels of cyclic GMP that control the 
intracellular enzymes including protein kinase G (PKG), 
cGMP -inhibited cAMP phosphodiesterase (PDE), and the 
function of ion channels regulating calcium flux. Nitric oxide 
can also react with superoxide anion (Og) to form 
peroxynitrite (ONOO~). 



that generation of NO could account for the 
platelet-inhibitory activities of NO on platelet 
adhesion and aggregation [8,24-27]. 

In 1990-1993, we provided both biochemical 
and pharmacological characteristics of platelet 
NOS [20,28] and measured the release of NO 
from stimulated platelets using a selective por- 
phyrinic microsensor [29]. During the past few 
years, several groups have described molecu- 
lar characteristics of platelet NOS [30-33]. In 
addition to inhibition of platelet adhesion and 
aggregation, platelet-derived NO is involved in 
down-regulation of platelet recruitment to the 
aggregate [34] (Fig. 1). 

Platelets in Myocardial Ischemia 
and Infarction 

There is substantial cli ni cal and experimental 
evidence implicating the interactions between 
platelets and vascular endothelium in the patho- 
genesis of myocardial ischemia. The clinical evi- 



dence for a role of platelets in myocardial 
ischemia includes studies indicating alterations 
in platelet behavior [35] and the therapeutic 
benefit of some antiplatelet drugs including as- 
pirin [36] and the antagonists of GP Ilb/IIIa 
[37]. Experimental evidence points to reductions 
in transmyocardial platelet number under con- 
ditions of coronary ischemia consistent with for- 
mation of coronary thrombi [38], the cyclical re- 
ductions in coronary blood flow that result from 
intermittent intravascular platelet aggregation 
[39], and the relationship between induced 
platelet aggregation and cardiac arrhythmias [40]. 
Shimada and colleagues suggested the importance 
of platelets in reperfusion injury showing that 
the depletion of both leukocytes and platelets 
in canine myocardial ischemia-reperfusion in- 
j ury effectively protects against reperfusion inj ury 

[41]. 

Coronary artery occlusion or thrombus for- 
mation produces myocardial ischemia that can 
ultimately result in myocardial cell injury and 
necrosis. Atherosclerotic plaque disruption is the 
predominant pathogenetic mechanism underlying 
the acute coronary syndromes [42]. The patho- 
genesis of atherosclerosis appears to depend on a 
precise sequence of critical events based on the 
interaction of blood elements and lipids with the 
arterial wall. The pioneering work by Fuster’s 
group showed the role of platelets in the devel- 
opment of atherosclerotic disease [43]. They have 
shown that plaque rupture leads to the exposure 
of collagen and vessel media, resulting in activa- 
tion of platelets and the coagulation cascade that 
lead to occlusive thrombus formation. Willerson’s 
group [44] speculated that the abrupt conversion 
from chronic stable to unstable angina and the 
continuum to acute myocardial infarction might 
result from myocardial ischemia caused by pro- 
gressive platelet aggregation and dynamic vaso- 
constriction. Platelet aggregation and dynamic 
coronary artery vasoconstriction probably result 
from the local accumulation of several mediators 
including thromboxane A 2 , serotonin, adenosine 
diphosphate, platelet activating factor, oxygen- 
derived free radicals thrombin, and tissue fac- 
tor. This is accompanied by relative decreases in 
the local concentrations of endothelium-derived 
vasodilators and inhibitors of platelet aggrega- 
tion such as prostacyclin, NO, and tissue plas- 
minogen activator [44—46]. This helps to create a 
prothrombotic and vasoconstrictive environment. 
With severe reductions in coronary blood flow 
caused by these mechanisms, platelet aggregates 
may increase, and an occlusive thrombus com- 
posed of platelets and white and red blood cells in a 
fibrin mesh may develop. When coronary arteries 
are occluded or narrowed for a sufficient period of 
time by these mechanisms, myocardial necrosis. 
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electrical instability, or sudden death may occur 
[47]. 

Nitric Oxide in the Pathogenesis 
of Coronary Artery Disease 
and Reperfusion Injury 

The vasodilator and platelet-regulatory functions 
of endothelium are impaired during the course of 
vascular disorders including atherosclerosis, the 
coronary artery disease, essential hypertension, 
diabetes mellitus and preeclampsia [48]; how- 
ever, the reasons underlying this impairment are 
not clear. A number of researchers correlated the 
changes in the endothelial function with the gener- 
ation of NO. The endothelial dysfunction was both 
ascribed to decreased and enhanced generation of 
NO. To explain this discrepancy it was proposed 
that these changes in NO generation are often ac- 
companied by reduced bioactivity of NO [49]. It 
is likely that the metabolism of NO and the in- 
teractions of NO with reactive oxygen species ac- 
count for this reduced bioactivity of NO. In 1990, 
Beckman and associates first found that the reac- 
tion of NO with superoxide could take place under 
physiological conditions and lead to the formation 
of peroxynitrite(ONOO“) (for refs. [50]). Peroxyni- 
trite is a highly reactive oxidant that can oxidize 
various biomolecules in the cellular microenviron- 
ment. In 1994, we found that ONOO“ can decrease 
the vasodilator and platelet-inhibitory activity of 
NO and prostacyclin [51,52]. Thiols and glucose 
[51ri3] attenuated these detrimental effects of 
ONOO“. The reaction ofONOO“ with thiols in cell 
membranes and glucose in the extracellular fluid 
results in synthesis of NO donors that counter- 
act the vasoconstrictor and platelet-aggregatory 
activities of the parent oxidant [51,54]. Interest- 
ingly, there is now evidence that small amounts of 
ONOO- may be generated during aggregation of 
normal platelets [55]. Thus, it is likely that under 
physiological conditions ONOO“, when generated 
by platelets, is rapidly detoxified and converted to 
NO donors following reactions with platelet mem- 
brane thiols [54]. The oxidizing stress could de- 
crease the efficiency of this regulating mechanism 
and precipitate platelet dysfunction and damage. 

The precise role of NO in the reperfused heart 
is controversial. A number of studies have shown 
thatNO augments postischemic arrhythmias, con- 
tractile dysfunction, and infarction [56-59]. On 
the other hand, a protective role has also been 
reported [60-62]. Moreover, pharmacological ad- 
ministration of L-arginine to patients suffering 
from coronary artery disease and peripheral arte- 
rial obstructive disease alleviated the symptoms 
of arterial insufficiency [63,64]. 



Antiplatelet Therapies, NO and NO 
Donors in the Treatment of Coronary 
Artery Disease 

The major aim in the management of myocardial 
infarction is myocardial reperfusion therapy, i.e. 
complete and timely restoration of coronary blood 
flow. Current cl in ical strategies for the treatment 
of acute myocardial ischemia include coronary an- 
gioplasty, directional coronary atherectomy, and 
pharmacologic therapy to restore blood flowto the 
ische mi c myocardium. 

Previous fibrinolytic regimens for reperfusion 
fail to fully restore coronary blood flow in slightly 
less than 50% of patients with acute myocar- 
dial infarction [65,66]. Since platelets play a 
crucial role in the pathophysiology of myocar- 
dial infarction, platelet activation and aggrega- 
tion is likely to be responsible for a large pro- 
portion of these therapeutic failures. While dmgs 
that interfere with platelet activation and func- 
tion have been available for years, more powerful 
agents with novel mechanisms of action are be- 
ing developed. Classical platelet i nh ibitors such 
as aspirin, sulfinpyrazone, dipyridamole andticlo- 
pidine have undergone extensive chnical testing 
in patients with cardiovascular disease [36,42]. 
The combination of aspirin and a thrombolytic 
agent produces maximal benefit. Recently, it has 
been shown that the antiaggregating effect of as- 
pirin could be explained through its action on 
neutrophils. Interestingly, aspirin stimulates NO 
production by neutrophils inhibiting the aggregat- 
ing effects of thrombin, ADP or epinephrine on 
platelets [67]. 

The final common pathway of platelet activa- 
tion and aggregation is the activation of the GP 
Ilb/IIIa receptor. Experimental and early clini- 
cal evidence suggested that GP Ilb/IIIa antago- 
nists, such as abciximab, eptifibatide, ortirofiban, 
might enhance reperfusion when combined with 
reduced doses of thrombolytic agents [68-70]. In 
the past decade, several strategies targeting the 
use of GP Ilb/IIIa inhibitors have been evaluated. 
When GP Ilb/IIIa inhibitors are used with full- 
dose fibrinolytics, early studies have suggested a 
trend toward more rapid and more complete reper- 
fusion in an acute myocardial infarction. Later tri- 
als have examined the use of GP Ilb/nia inh ibitors 
in conjunction with reduced-dose fibrinolytics [71]. 
The results from Global Use of Strategies to Open 
occluded arteries- V (GUSTO- V) large-scale trial 
supports the use of combination therapy with re- 
duced dose of a plasminogen activator, reteplase, 
and the GP Ilb/IIIa inhibitor abciximab [71]. 

Primary coronary angioplasty has become the 
preferred method of reperfusion in patients with 
acute myocardial infarction. Still, the procedure is 
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limited by the substantial rates of restenosis and 
reocclusion. A recent meta-analysis ofrandomized 
trials that compared thrombolytic therapy and 
primary angioplasty showed a lower incidence of 
death, non-fatal reinfarction, stroke, and intracra- 
nial bleeding in patients treated with primary 
angioplasty than in patients treated with throm- 
bolysis [72]. Santoro and Bolognese reviewed pub- 
hshed studies comparing angioplasty with stent- 
ing, with or without treatment with the GP 
llb/llla inhibitor abciximab [73]. In a recent trial 
comparing angioplasty with stenting. Stone and 
colleagues reported that stenting (alone or with 
abciximab) was superior to standard balloon an- 
gioplasty (alone or with abciximab) in reducing the 
need for repeated revascularization and they rec- 
ommended stent as the routine reperfusion strat- 
egy at experienced centers [74]. ITie main prob- 
lem is that stenting is available only in specialized 
centers. 

Studies using NO gas in vitro showed that 
NO was a potent, but short-acting (the biologi- 
cal half-life <4 min) inhibitor of platelet adhesion, 
aggregation and stimulator of platelet disaggre- 
gation [24—27]. Interestingly, animal experiments 
showed that inhaled NO might inhibit the devel- 
opment of coronary thrombosis [75]. The pharma- 
cological significance of these findings remains to 
be investigated. 

The effectiveness of organic nitrates as an- 
tithrombotics increases with the extent of vascular 
injury [76]. Furthermore, short- and long-lasting 
administration of nitroglycerin and isosorbide 
dinitrate to patients suffering from coronary 
artery disease and acute myocardial infarction re- 
sulted in a significant inhibition of platelet ad- 
hesion and aggregation [77,78]. A meta-analysis 
found significant reduction in mortality when 
intravenous glyceryl trinitrate or nitropmsside 
were used during acute course of myocardial 
infarction [79]. Moreover, when combined with 
N-acetylcysteine, glyceryl trinitrate substantially 
reduced myocardial infarction in unstable angina, 
an effect compatible with an anti-platelet effect 
of glyceryl trinitrate [80]. Surprisingly, GISSI III 
[81] and ISIS-4 [82] studies failed to show chn- 
ically beneficial effect of organic nitrates on 
mortality after myocardial infarction. However, 
further analysis of GISSI III suggests that the 
apparent additive effect of glyceryl trinitrate and 
lisinopril could be attributed to anti-platelet ef- 
fects of this NO donor [83]. In addition, it is 
possible that nitrates may act by reducing the 
infarct size in small rather than large infarcts 
so that the neutral results of GISSI-3 and ISIS-4 
may be explained by the heterogeneity of effect. 
Interestingly aspirin, a cyclooxygenase inhibitor, 
blocks only thromboxane-mediated platelet aggre- 
gation (for refs, see [84]) leaving the remaining 



pathways of adhesion and aggregation unopposed. 
In contrast, NO inhibits the activation cascade 
of mediators generated by aU known pathways 
of platelet aggregation [85], including recently 
described matrix metalloproteinase-2-dependent 
platelet aggregation [2], and some pathways of 
platelet adhesion to sub-endothelium [86]. 

Because of its powerful vasodilator action, 
sodium nitropmsside is often used to treat vascu- 
lar emergencies associated with hypertensive cri- 
sis. Since this compound shows some anti-platelet 
activity both in vitro and in vivo [87,88] its acute 
clinic^ effects may also be mediated, in part, 
through inhibition of platelet function. Recendy, 
sodium nitroprusside was administered intraperi- 
cardiaUy to treat experimentally induced coronary 
thrombosis in dogs [89]. As this route of admin- 
istration of sodium nitropmsside produced less 
vasodilatation than systemic one, thus localized 
administration of this drug may offer new thera- 
peutic possibilities for the treatment of the coro- 
nary thrombosis. 

Molsidomine and its active metabolite SIN-1 
inhibit experimental thrombosis and platelet ag- 
gregation in healthy volunteers and in patients 
suffering from acute myocardial infarction [90]. 
Interestingly, SIN-1 in addition to NO gener- 
ates superoxide and ONOO“ [91]. Since ONOO' 
causes platelet aggregation and counteracts the 
platelet inhibitory activity of NO [51], the forma- 
tion of this radic^ may offset the anti-platelet ac- 
tivity of NO released from SIN-1. 

Tlie platelet-inhibitory actions of organic ni- 
trates cannot be separated from their effects 
on vascular wall. The concept of platelet- 
selective NO donors has arisen from our exper- 
iments with S-nitrosoglutathione (GSNO) [92]. 
S-Nitrosoglutathione is a tripeptide S-nitrosothiol 
that is formed by S-nitrosylation of glutathione, 
the most abundant intracellular thiol. We have 
found that the intravenous administration of 
GSNO into conscious rat inhibits platelet ag- 
gregation at doses that have only small effect 
on the blood pressure [92]. Moreover, similar 
platelet/vascular differentiation is detected fol- 
lowing intraarterial administration of GSNO into 
the circulation of human forearm [48]. Finally, 
we have infused GSNO into patients undergo- 
ing balloon angioplasty and found that this NO 
donor effectively protected platelets from activa- 
tion at the site of angioplastic injury without 
altering blood pressure [93]. Interestingly, the ex- 
posure of human neutrophils to NO led to de- 
pletion of glutathione stores, activation of the 
hexose monophosphate shunt, synthesis of en- 
dogenous GSNO and inhibition of superoxide gen- 
eration by neutrophils. Synthetic GSNO resulted 
in similar effects [94]. Moreover, the adminis- 
tration of GSNO inhibited leukocyte activation. 
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bioavailability play a role in the pathophysiol- 
ogy of myocardial ischemia. NO protects vascu- 
lar endothelium by maintaining basal vascular 
tone, but it also inhibits platelet and leukocyte ac- 
tivation. Therefore, the pharmacological supple- 
mentation of the diseased vasculature with drugs 
releasing NO may help to restore the hemostatic 
balance and improve myocardial reperfusion. Fur- 
thermore, recent clinical trials showed that the 
antiplatelet therapy, aimed at blocking the final 
common pathway of platelet aggregation is of high 
therapeutic relevance to the treatment of the coro- 
nary ischemia. The combined efforts of mechanical 
procedures (coronary angioplasty, stenting) and a 
better understanding of platelet physiology and 
pathology have increased the therapeutic success 
in patients suffering from coronary ische mi a. 
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Fig. 2. Pharmacological actions of NO in myocardial 
ischemia. (■) denotes inhibition. 

expression of iNOS and bypass-induced myocar- 
di^ lesion in dogs [95]. These observations show 
that GSNO is a potent regulator of platelet and 
neutrophil functions and it may be a prototype for 
the development ofblood cell-selective NO donors. 

Recently, a new family of nitroderivatives 
of conventional nonsteroidal anti-inflammatory 
drugs has been synthesized. Among them, NCX 
4016, a nitro-ester of aspirin, has been shown to 
exert the antiaggregatory and antithrombotic ac- 
tivity by a dual mechanism of action involving in- 
hibition of cyclooxygenase and release of NO in 
both platelets and vascular smooth muscle cells 
[96,97]. A recent report has shown that NCX 4016 
is cardioprotective in ischemia, producing marked 
improvement of postischemic ventricular dysfunc- 
tion in the rabbit heart [62]. The possible pharma- 
cological effects of NO on the sequence of events 
leading to the myocardial ischemia are shown in 
Figure 2. 

Conclusions 

Over the past decades, numerous studies have 
focused on the role ofplatelets in pathologic throm- 
bosis that complicates the course of vascular dis- 
orders. There is now convincing evidence that 
a number of platelet functions including adhe- 
sion, aggregation and recmitment are controlled 
by NO generated by platelets and the endothe- 
lial cells. The findings reviewed in this article 
indicate that impairment of NO production and 
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Abstract. The endothelium plays a key role in vascular 
homeostasis through the release of a variety of au- 
tocrine and paracrine substances, the best characterized 
being nitric oxide. A healthy endothelium acts to prevent 
atherosclerosis development and its complications through 
a complex and favorable effect on vasomotion, platelet 
and leukocyte adhesion and plaque stabilization. The as- 
sessment of endothelial function in humans has gener- 
ally involved the description of vasomotor responses, but 
more widely includes physiological, biochemical and genetic 
markers that characterize the interaction of the endothe- 
lium with platelets, leukocytes and the coagulation sys- 
tem. Stable markers ofinflammation such as high sensitivity 
C-reactive protein are indirect and potentially useful mea- 
sures of endothelial function for example. 

Attenuation of the effect of nitric oxide accounts for 
the majority of what is described as endothelial dysfunc- 
tion. This occurs in response to atherosclerosis or its risk 
factors. Much remains to be learned about the molecular 
and genetic pathophysiological mechanisms of endothelial 
cell abnormalities. However, pharmacological intervention 
with a growing list of medications can favorably modify en- 
dothelial function, paralleling beneficial effects on cardio- 
vascular morbidity and mortality. In addition, several small 
studies have provided tantalizing evidence that measures 
of endothelial health might provide prognostic information 
about an individual patient’s risk of subsequent events. As 
such, the sum of this evidence makes the clinical assessment 
of endothelial function an attractive surrr^ate marker of 
atherosclerosis disease activity. The review will focus on 
the role of nitric oxide in atherosclerosis and the clinical 
relevance of these findings. 

Key Words, endothelium, nitric oxide, atherosclerosis, 
coronary artery disease, risk 



What is Endothelial Function? 

The endothelium is the single-cell lining that cov- 
ers the surface of blood vessels and numerous 
other structures. The strategic location that it oc- 
cupies allows it to act as both a sensor and mod- 
ulator within the vessel. While the term was first 
described by His in 1865, little was thought of its 
importance until the past 25 years with the key 
discovery of endothelium-derived autocrine fac- 
tors such as prostacyclin and nitric oxide [1,2]. 
However, a review of older literature would sug- 



gest that researchers have questioned the impor- 
tance of the endothelium for some time. In a mono- 
graph on the subject Altschul stated that “one is as 
old as one’s endothelium” in the mid 1950s without 
a lot of data to support his claim [3]. 

Vasomotion 

Our knowledge of the function of the endothelium 
has increased exponentially in the past decade. 
Broadly speaking, endothelial function refers to 
a physiological observation that is the result of 
stimulation of vasoactive substances released by 
or that interact with the vascular endothelium. 
More recently, basal endothelial function has been 
assessed by blockade of vasoactive substances 
(L-NMMA to block nitric oxide synthase). To 
date the majority of studies have reported 
endothelium-dependent vasomotion as the end- 
point of interest. In vitro studies of arterial tone 
utilize pre-constricted tissue mounted on wire 
myographs or organ chambers where the ves- 
sel is stimulated with increasing concentrations 
of endothelium-dependent stimuli such as acetyl- 
choline [2]. In humans, the measurement of ves- 
sel diameter or regional bloodflowreflect vasomo- 
tion of conduit or resistance vessels respectively 
[4—7]. The measurement ofendothehal function in 
humans has been reviewed in detail [8,9]. 

Platelet and Leukocytes 

Changes in endothelial vasodilator function are 
likely paralleled by changes in the other properties 
of the endothelium (such as platelet and leuko- 
cyte adhesion) to cause a pro-atherosclerotic mi- 
lieu [10]. Studies of classic^ platelet function have 
been reported to a limited degree [11]. More re- 
cendy, flow cytometry has been used to evaluate 
the expression of a variety of integrins on both 
platelets and leukocytes [12-15]. The interaction 
of platelets and leukocytes generates circulating 
microparticles that can be measured and these 



Address for correspondence: TJ Anderson, MD, FRCPC, 
Division of Cardiology, Foothills Hospital, 1432, 29th Street, 
NW, Calgary, AB, T2N 2T9, Canada. Tel.: 403 670-1020; Fax: 
403 670-1592; E-mail: todd.anderson@calgaryhealthregion.ca 



55 




56 Anderson 



have recently been demonstrated to impair en- 
dothelial function [16]. 

In addition, circulating levels of leukocyte adhe- 
sion molecules can be measured in the blood and 
have been associated with atherosclerosis and car- 
diac outcomes [17-20]. It was recently shown both 
that sICAM-1 and P-selectin was predictive of fu- 
ture myocardial infarction [21,22]. 

C-Reactive Protein 

C-reactive protein (CRP) is an acute phase reac- 
tant marker produced by the liver in response to 
systemic inflammation. It is frequently elevated 
in patients with acute ischemia and myocardial 
infarction [23-26]. In addition, Ridker and col- 
leagues have shown that an elevated level is a pre- 
dictor for future MI or stroke [27]. It has prognos- 
tic value in a number of other conditions as well 
[27-34]. WHO standards have been set for high- 
sensitivity assessment of C-reactive protein pro- 
viding consistent and reproducible results [35]. It 
now seems clear that CRP also plays an active role 
in the atherosclerosis process [36,37]. CRP should 
be regarded as an indirect, albeit important mea- 
sure of endothelial function. 

Fibrinolytic Balance 

The main determinants of fibrinolysis are the 
balance between tissue plasminogen activator (t- 
PA) and plasminogen activator inhibitor (PAI-1), 
both of which are derived from the endothelium. 
Vaughan and colleagues have advanced the con- 
cept of the importance of PAI-1 as an important 
measure of vascular health [38^40]. Other mea- 
sures ofendothehal function are hsted in Table 1. 

Endothelium-Dependent Vasoactive 
Substances 

While the review concentrates mainly on the 
role of nitric oxide in humans, it is important 



to note that other vasoactive substances control 
vascular tone in concert with NO. Two other 
endothelial-derived vasodilators, prostacyclin 
and endothehum-derived hyperpolarizing fac- 
tor (EDHF) contribute significantly to arterial 
relaxation [1,41^44]. Duffy and colleagues have 
demonstrated that prostaglandins mediate both 
basal and metabolic vasomotion in the coronary 
circulation and resting blood flow in the forearm 
[43,44]. While the role of EDHF in humans is 
not clear [45], a recent human study suggested 
that in the human forearm, a cytochrome P450 
product may function as an EDHF [46]. Animal 
studies have established the importance of 
channels in the control of coronary blood flow 
[47,48]. In humans, blockade of K^tp channels 
with ghbenclamide decreases basal coronary 
blood flow [49]. 

Opposing these, is the potent vasoconstrictor 
endothelin-1 [50]. Basal release of ET-1 occurs 
in humans [51-53]. ET-1 acts on ETa and ETb 
receptors on vascular smooth muscle cells pro- 
ducing potent vasoconstriction [54]. ETb recep- 
tors on endothehal cells mediate vasodilation 
through release of NO and PGI2 [55]. Whereas 
circulating levels can be measured, ET-1 is pre- 
dominantly a paracrine hormone, acting ablumi- 
naUy. In a catheterization laboratory study, Kinlay 
et i. recently demonstrated that ET-1 activity 
is upregulated in atherosclerotic humans [56], 
demonstrating the importance of this hormone in 
coronary control. Other vasoconstrictors include 
angiotensin II and oxygen free radicals [57,58]. 

Nitric Oxide in Atherosclerosis 

Basal release of NO has been demonstrated in the 
human coronary circulation [59]. Acetylchohne or 
serotonin cause endothelium-dependent vasodila- 
tion of epicardial coronary vessels, [6,60,61] an 
effect blocked in part by NO synthase inhibition 



Table 1. Measures of endothelial function 


Vasomotor 


Platelet and leukocyte indices 


Coronary vasomotion — QCA 
Coronary blood flow-doppler 
Coronary blood flow — PET 
Brachial ultrasound — flow-mediated 
vasodilation 

Forearm impedance plethysmography 
Skin laser floppier - 1 - iontophoresis 

Dorsal hand vein — Linear variable differential nansducer 
Arterial compliance, pulse wave velocity and 
augmentation index 
Pulse pressure evaluation 


Classic platelet aggregation 
Platelet activation — flow cytometry 
Leukocyte adhesion — flow cytometry 
Circulating leukocyte adhesion molecules sICAM, 
sVCAM, selectins 

Circulating cytokines — Interleukin -6 
Circulating microparticles 
Circulating progenitor endothelial cells 
C-reactive protein 



QCA — quantitative coronary angiography; PET — positron emission tomography; sICAM — soluble intracellular adhesion molecule; sVCAM — soluble 
vascular cell adhesion molecule. 
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(L-NMMA) [62]. The remaining effect is due 
to acetylcholine-mediated release of EDHF and 
prostacyclin. Resistance vessel function can be de- 
termined in vivo by measuring blood flow [63,64]. 
Endothelium-dependent agonists result in an in- 
crease in blood flow in the human coronary circu- 
lation [7]. Whereas this effect has also been shown 
to be NO dependent [62,65], other mediators may 
also be involved in resistance vessel dilation and 
the control of CBE, particularly in response to 
metabolic stimuli [66,67]. 

Endothelial injury with resulting dysfunction 
is the initiating event in atherosclerosis [68], and 
plays an important role in the ischemic manifes- 
tations of coronary disease [69,70], Atherosclero- 
sis results in paradoxical epicardial vasoconstric- 
tion and attenuated increases in blood flow to 
endothelium-dependent stimuli [6,7,71]. In addi- 
tion, Quyyumi et al. have demonstrated that basal 
NO activity (as reflected by decreases in CBE to 
the NOS inhibitor L-NMMA) is reduced in subjects 
with atherosclerosis [62,72,73]. However, studies 
from our laboratory have demonstrated preserved 
basal NO activity in subjects with up to moderate 
atherosclerosis [66]. 

Endothelial dysfunction is a systemic problem, 
with impairment of NO mediated vasodilation be- 
ing demonstrated in the peripheral circulation 
of subjects with atherosclerosis or its risk fac- 
tors [74]. Patients with coronary disease have 
impaired brachial artery flow-mediated vasodila- 
tion and a correlation exists between FMD and 
acetylcholine-mediated vasomotion in the coro- 
nary circulation [75]. Attenuation of resistance 
vessel function is also noted in studied utilizing 
impedance plethysmography [76] . Nitric oxide has 
been shown to mediate the effect of both flow and 
acetylcholine in the forearm [77,78]. 

Nitric oxide plays a key role in platelet and 
leukocyte function in humans. The infusion of 
the nitric oxide synthase inhibitor, L-NMMA de- 
creases cGMP content in platelets obtained from 
the coronary sinus [79]. In addition, platelets from 
subjects with unstable angina release less nitric 
oxide than in those with stable angina [80]. The 
process of leukocyte adhesion is complex and be- 
yond the scope of this review but it is clear that NO 
can inhibit leukocyte adhesion through a variety 
of mechanisms [81-83]. 

Endothelial Function Post 
Coronary Intervention 

Spontaneous vasoconstriction (up to 40%) of the 
conduit vessel distal to the angioplasty site occurs 
within the first 30 minutes following intervention 
[84] and can be prevented with alpha-adrenergic 
stimulation [85,86]. Previous studies had demon- 



strated that this is a powerful predictor ofresteno- 
sis in balloon angioplasty [87]. The relationship of 
this response to restenosis or adverse events in the 
stent era is not clear. 

Prolonged endothelial dysfunction (up to 
6 months) has been demonstrated in the distal epi- 
cardial artery particularly in patients undergoing 
coronary stenting [88]. We recently assessed coro- 
nary blood flow responses to acetylcholine early 
after coronary stenting. Attenuation of microvas- 
cular endothelial function was demonstrated and 
this was improved with concomitant treatment 
with the glycoprotein Ilb/IIIa receptor blocker 
abciximab [89]. 

Platelet and neutrophil adhesion occurs follow- 
ing balloon injury in animal models [90]. This 
has also been demonstrated in coronary sinus 
blood from patients with stable angina undergoing 
coronary intervention [91]. Activation of platelets 
and neutrophils may be particularly marked with 
stent implantation contributing to endothelial 
dysfunction [13,92]. Platelets play an important 
role in neutrophil adhesion in this situation [93]. 
Activation of platelets and neutrophils contribute 
to vessel plugging and vasospasm accounting for 
ische mi c events post stenting [94,95]. 

In addition, systemic elevation of leukocyte ad- 
hesion molecules has been observed following an- 
gioplasty in an acute myocardial infarction setting 
and in those without infarction [19]. It has been 
suggested that adhesion molecule expression may 
also be related to restenosis development [96,97], 
and acute ische mi c events following angioplasty 
[98]. Liuzzo and colleagues reported that patients 
with unstable angina who have elevated baseline 
levels of CRP, had a significant further increase 
following coronary intervention. This was detected 
in peripheral blood 6 and 24 hours after angio- 
plasty [26]. The same group also more recendy re- 
ported on 121 patients undergoing single vessel 
angioplasty. Increasing tertiles of CRP were pre- 
dictive of adverse events and cli ni cal restenosis 
following balloon angioplasty [24] . More recently, 
larger studies have demonstrated a predictive role 
of CRP post coronary intervention [81-83,99,100]. 

Mechanisms of Impaired Nitric 
Oxide Activity 

Nitric Oxide Synthase 
and Tetrahydrobiopterin 
While there are many alterations in the medi- 
ators that control vascular function, abnormali- 
ties in NO and nitric oxide synthase (NOS) have 
been extensively studied. Nitric oxide activity is 
the net result of a balance between its produc- 
tion by NOS and its inactivation by oxygen free 
radicals [101]. NOS activity may be attenuated 
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Fig. 1. Mechanisms whereby eNOS may become “uncoupled” 
leading to the production of superoxide instead of NO. 
Reproduced with permission [202], 



in atherosclerotic vessels [102], but many studies 
have demonstrated an increase in the production 
of NO by NOS in the setting of cholesterol in- 
duced atherosclerosis [103]. It appears that both 
NO and superoxide production are increased by 
NOS with the net balance being a decrease in NO 
activity. This has lead to the concept of “uncou- 
pling of NOS” as a major cause ofendothehal dys- 
function (Fig. 1) [104-106]. 

NO is synthesized from 1-arginine in mam- 
malian cells by a family of three NO synthases. 
NOS 111 or eNOS (endothelial NOS) is constitu- 
tively produced by endothelial cells and encoded 
by genes on chromosome 7 [107]. BH4 is an es- 
sential cofactor for the proper flow of electrons to 
oxidize 1-arginine [108]. At suboptimal concentra- 
tions of BH4, NOS acts as an NADPH oxidase in 
which molecular oxygen rather than arginine be- 
comes an electron acceptor. This leads to the pro- 
duction of superoxide ( Op and hydrogen peroxide 
(H2O2) instead of NO [IW, 109-1 13]. It is proba- 
ble that NOS III is continuously producing super- 
oxide, but at suboptimal BH4 concentrations this 
effect predominates. 



Tetrahydrobiopterin. Thus, biopterin metabo- 
hsm is critical for the regulation of NOS activity. 
In mammalian cells, BH4 is synthesized through 
2 distinct pathways: one is a de novo synthesis 
that uses GTP as a precursor via GTP cyclohy- 
drolase I, and the other is the regeneration of 
BH4 from a quinonoid form of BH2 through a 
pterin salvage pathway (involving the active form 
of folate, 5 methyltetrahydrofolate). These path- 
ways depend on a normal cellular redox state with 
oxidative stress impairing the recycling of BH4 
and are influenced by the actions of insulin [114- 
116]. Interestingly, it has been shown that ascorbic 
acid enhances NO synthase activity by increasing 
the concentration and stability of BH4 [1 14—1 17]. 



Folic Acid and Nitric Oxide Synthase. The 
importance of BH4 is further strengthened by re- 
cent studies that have demonstrated a beneficial 
effect of folate on endothelial function [118,119]. 
BH4 is closely related in structure to other pterins 
including folate. In addition methylated folate 
plays a role in the regeneration ofBH4 through 
the salvage pathway. A recently published study 
by our group demonstrated that 5 methyltetrahy- 
drofolate improved endothehal function and atten- 
uated superoxide productionby NOS (cell culture) 
to a similar degree as BH4. Based on computer 
modeling of the NOS structure, it is possible that 
Mates directly affect NOS function like BH4 [120]. 
However, Stroes et al. have demonstrated that 5- 
MTHF was unable to alter NOS activity in enzyme 
that is completely devoid of pterin [121]. Further 
work is needed in this area to clarify the mecha- 
nisms of benefit with folates. 

Genetic Abnormalities of NOS. Recent inves- 
tigations have demonstrated that mutations af- 
fecting the eNOS gene may lead to impaired NO 
release. The Glu298Asp mutation is associated 
with an increased risk of coronary vasospasm 
and myocardial infarction in Japanese popula- 
tions [122]. In a population of healthy Caucasian 
males we recently reported an association with the 
T-786-C mutation and hypertension [123]. Studies 
are underway to determine the relationship be- 
tween these single nucleotide polymorphisms and 
endothehal function. 



Oxidative Stress 

In addition to NOS, there are many other sources 
of free radicals in the vessel wall. Steinberg and 
others have advanced the concept that oxida- 
tive modification of low-density hpoprotein (LDL) 
is central to the development of atherosclero- 
sis and recent work has suggested that oxidized 
LDL plays an important role in abnormal en- 
dothehal vasorelaxation [124]. The detrimental 
effects of oxidized LDL on endothehal function 
are hkely modulated through lysophosphatidyl- 
chohne [125,126], protein finase C [127], and 
G-proteins [128]. In addition oxygen free radicals 
impair endothehal function through direct inacti- 
vation of NO [101]. Oxidized LDL also increases 
the production of endothelin in cultured cells and 
intact blood vessels [129]. 

Hypercholesterolemia induces a number of 
changes on vascular homeostasis, including a de- 
crease in NO bioactivity, an increase in superoxide 
production, an increase in endothelin immunore- 
activity [130], an increase in adhesion molecules 
[17], and attenuation of endothelium-dependent 
vasodilation [5]. It appears that cholesterol- 
induced endothehal dysfunction is related to the 
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degree of LDL oxidation and not LDL concen- 
tration itself [131,132]. Acute elevations of free 
fatty acids and triglycerides can attenuate va- 
sodilator responses over the course of a number 
of hours [133,134]. Acute hyperglycemia (6 hours) 
can also impair vasomotor responses [135], adding 
evidence to the belief that it is the milieu of the 
artery that determines vascular function and this 
can be modulated over minutes to hours. 

Inflammation 

Inflammatory cells are a potent source of oxy- 
gen free radicals. Microparticles generated from 
activated leukocytes and platelets stimulate en- 
dothelial cells to produce cytokines and adhe- 
sion molecules [136,137]. Boulanger et al. iso- 
lated circulating microparticles from patients with 
myocardial infarction and demonstrated impair- 
ment of endothelial NO transduction and endothe- 
lial dysfunction [16]. No effect was seen in non- 
ischemic patients. 

As previously discussed, CRP is emerging as 
an important marker of atherosclerotic risk [138]. 
Recent studies suggest that CRP is not merely a 
nonspecific marker, but actively participates in le- 
sion formation through induction of endothelial 
dysfunction and leukocyte activation [139-141]. 
Verma and colleagues recently demonstrated in 
cell culture experiments that human CRP upreg- 
ulates adhesion molecule expression and MCP-1 



production. These effect could be attenuated by 
endothelin and IL-6 blockade [36]. Ongoing work 
is looking at the effect of CRP on NO mediated 
events (Verma, personal communication 2002). 

Treatment of Endothelial Dysfunction 

This subject has been recently reviewed in detail 
[8]. Many therapeutic interventions that have tar- 
geted the endothelium have been evaluated in the 
recent past. Most have an impact on the balance 
between nitric oxide activity and oxidative stress. 
The parallel benefits on endothelial function and 
clinical events with several of the modahties ar- 
gue strongly for the important role of endothelial 
health. 

Lipid Lowering Therapy 

The relationship between cholesterol and its sub- 
sequent lowering with statin therapy is well 
known. Ohara et al. [142,143] demonstrated that 
cholesterol feeding increases the production of 
superoxide anion from the endothelium of rab- 
bit aorta, and that dietary lowering of choles- 
terol improves endothelial function and attenu- 
ates superoxide formation. Since then at least 20 
studies have demonstrated the beneficial effects 
of lipid lowering on endothehal function in hu- 
mans (Fig. 2) [144—146]. Whereas early studies 
treated patients for 6 months or more, Tamai [147] 
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Fig. 2. LDL lowering (lovastatin and cholestyramine) and LDL lowering-antioxidant (lovastatin and probucol) improve 
endothelium-dependent vasomotion after one year of therapy. Reproduced with permission [144]. 




60 Anderson 




Quinapril Enalapril Losartan Amlodipine 



-2 



Fig. 3. 8 weeks of treatment with quinapril improves flow -mediated vasodilation in patients with coronary artery disease. 
Reproduced with permission [162]. 



modulated forearm endothelial function within 
hours of LDL pheresis, demonstrating the dy- 
namic nature of the process. Whereas LDL choles- 
terol lowering with agents other than statins 

[148] improve endothehal function, there are clear 
pleiotrophic effects of the HMGCo-Areductase in- 
hibitor that play an important role. These effects 
include but are not restricted to the following: di- 
rect effect on NOS [149], a decrease in caveohn 

[149] , a favorable effect on inflammatory media- 
tors within the plaque [150], mobilization of en- 
dothehal progenitor cells [151], a decrease in dia- 
betes progression [152], and a decrease in platelet 
aggregation [11]. Statin therapy also decreases 
CRP in both primary and secondary prevention 
settings [153-155]. 

Spieker et al. infused rHDL into the fore- 
arm of healthy men and measured endothelium- 
dependent vasodilation to acetylchohne. The in- 
fusion of HDL resulted in improved endothelial 
function through an increase in the bioactivity of 
NO [156]. 

A CE-Inhibition 

The HOPE trial firmly established ACE-inhibitors 
as an important anti-atherogenic therapeutic 
strategy [157]. Angiotensin II has been shown 
to increase superoxide production via membrane- 
bound NADH/NADPH [158]. ACE inhibitors could 
potentially improve endothelium-dependent va- 
sodilator responses through decreas^ levels of 
angiotensin II, increased levels of bradykinin and 
NO. 

In humans, acute administration of ACE- 
inhibitors augmented endothelium-dependent va- 
sodilation in both the coronary and peripheral 
circulation [159,160]. Mancini and colleagues re- 
ported that the tissue specific ACE inhibitor 
quinapril attenuated coronary endothelial dys- 



function in patients with coronary artery dis- 
ease [161]. We extended these observations with 
quinapril to the peripheral circulation in the 
BANEE study [162] and suggested potential dif- 
ferences amongst ACE-inhibitors with respect to 
their effect on the endothelium (Eig. 3). Many 
other studies have demonstrated similar improve- 
ments with a wide range of risk factors and agents 
studied. 



Angiotensin Receptor Blockers 
While the data for ARBs is not as established as 
ACE-inhibitors, recent chnical trials have demon- 
strated the important effect of these agents on car- 
diorenal end-points in patients with hypertension 
and diabetes [163-165]. In parallel with these, 
there is some data to suggest that ARBs improve 
endothelium-dependent vasomotion. We were un- 
able to show improved flow-mediated vasodilation 
in patients with coronary disease with losartan 
[162], however others have demonstrated a bene- 
fit with a higher dose [166]. Several studies have 
demonstrated attenuation of diabetic endothelial 
dysfunction with angiotensin receptor antagonist 
[167,168]. 

Modulation of Insulin Resistance 
Obesity, insulin resistance and type II diabetes 
mellitus are dramatically increasing in Western 
society and are a huge risk for cardiovascular dis- 
ease. Data from the UKPDS study suggest that 
in obese individuals insulin modulation with met- 
formin might provide superior vascular protec- 
tion to insulin or sulfonylureas [169], however 
much work needs to be done in this area. It is 
clear that both diabetes and insulin resistance are 
associated with impaired endothelium-dependent 
vasodilation [76,170]. Mather et al. has recently 
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Fig. 4. Folic acid alone improves flow-mediated vasodilation in patients with coronary artery disease. Reproduced with permission 
[1821 



demonstrated that metformin therapy in uncom- 
plicated type II diabetic subjects markedly im- 
proves forearm blood flow as assessed by plethys- 
mography. Acetychohne responses were related to 
insulin-resistance [171]. Further work is under- 
way with insulin-sensitizing agents, particularly 
the thiazoladenediones. 



Pterins 

There is no data yet to demonstrate that folates 
reduce cardiovascular risk. The studies are cur- 
rently being performed. Recent evidence suggests 
that BH4 deficiency plays an important role in 
endothelial dysfunction, with emerging data in 
human. Our group has performed both in vitro 
and in vivo studies with BH4. Acute incubation 
with BH4 of internal thoracic arteries and saphe- 
nous veins from patients undergoing bypass 
surgery results in improvement in vasorelaxation 
to acetylchohne [172]. 

Only two previous studies have assessed the 
effect of BH4 on endothelial function acutely in 
the catheterization laboratory. Setoguchi et al. 
demonstrated an improvement in acetylchohne- 
mediated CBF in subjects without coronary dis- 
ease, but with endothehal dysfunction [173]. A 
second study demonstrated improvement in epi- 
cardial vasomotion to acetylcholine in subjects 
with coronary disease [174]. 

Recently, studies have been performed in 
the peripheral circulation. Stroes and colleagues 
measured forearm blood flow with impedance 
plethysmography in response to serotonin [175]. 
Coadministration of BH4 improved basal and 
stimulated endothelial responses in subjects with 
hypercholesterolemia. Similar studies have been 
completed in cigarette smoker [176,177] and sub- 
jects with diabetes [178]. 



It is well known that folate improves en- 
dothehal function in patients with hyperhomo- 
cyst(e)inemia [179-183]. However, acute studies 
with 5-methyltetrahydrofolate (5-MTHF) suggest 
that the improvement in vascular function is in- 
dependent of homocysteine and likely related to a 
direct effect of folic acid on eNOS and a reduction 
in superoxide production [121,184,185]. Fohc acid 
will improve endothehal function in subjects with 
coronary artery disease despite relatively normal 
levels of homocysteine (Fig. 4) [182]. 

Others 

A list of other endothehal modulating approaches 
is hsted in Table 2. 

Prognostie Relevanee of Endothelial Funetion 
The chnical manifestations of coronary artery 
disease depend on a multitude of interrelated 
pathophysiological processes of which endothehal 
dysfunction is only one. Inflammation and per- 
tubations of vasoreactivity are key elements in 
the process leading to plaque instability and un- 
stable coronary syndromes [69,186,187]. However, 
the relationship between our current markers of 
endothehal health and the status of the plaque 
are purely implied and I feel unproven. Abnor- 
mahties of vasomotion certainly contribute to sta- 
ble angina in patients with coronary disease [188] 
and probably play a role in the symptoms of pa- 
tients with microvascular angina and coronary 
vasospasm [189]. However, the burrdng question 
remains: What is the chnical relevance of markers 
of endothelial health? 

Studies of Vasomotion 

We demonstrated that endothelial dysfunc- 
tion was associated with the development of 
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Table 2. Treatment associated with improvement of endothelial dysfunction in humans 



Acute 



Chronic 



LDL Pheresis, fibrates 
ACE-Inhibition 

Antioxidants (Vitamin C and E + C) 

Estrogen 

1-arginine, d-arginine 

Tetrahydrobiopterin, Methyltetrahydrofolate 

Deferoxamine 

Glutathione 

Calcium-channel blockers 
Angiotensin-receptor blockers 
High density lipoprotein 
PKC inhibitors 
Abciximab 

TNE-alpha blockade — etancercept 
Endothelin-1 blockade 



LDL lowering with statins 
LDL lowering with resins 
ACE-Inhibition 

Antioxidants (Probucol with lovastatin) 
Estrogen 

Estrogen -l- Progesterone 

1-arginine 

Exercise 

EoUc acid 

Angiotensin-receptor blockade 
Metformin 



atherosclerosis as assessed by intravascular 
ultrasound in patients post-cardiac transplanta- 
tion [190]. Those subjects with normal vasodila- 
tor responses to acetylcholine immediately fol- 
lowing transplantation developed atherosclerosis 
at a rate one third that of those with endothe- 
lial dysfunction during the first year of follow-up. 
Two trials have asses^ the relationship between 
acetylcholine-mediated coronary endothelial func- 
tion and cl in ical events [191,192]. Subjects with 
vasoconstrictor responses to acetylcholine were 
more likely to develop adverse cardiovascular 
events during follow-up of 5-10 years despite hav- 
ing mi nimal coronary disease at base li ne. While 



important, the studies suffer from lack of events 
(10-16 events). 

Perticone and colleagues studied 225 hyperten- 
sive subjects who underwent acetylcholine test- 
ing in the forearm with plethysmography [193]. 
After correcting for blood pressure, subjects with 
the lowest tertile of endothelial function had an 
increase in cardiovascular events over a 3 year 
follow-up. The mostrobustofthe prognostic stud- 
ies was recently reported. Heitzer et al. studied 
281 subjects with coronary disease who underwent 
forearm acetylcholine studies [194]. Two key ob- 
servations were made. Firstly, subjects with at- 
tenuated responses had more events. Secondly, 



A 



ACh-induced vasodilation 




Fig. 5. Coronary artery disease subjects with impairment of acetylcholine mediated forearm blood flow (impedance 
plethysmography) are more likely to have an adverse event during follow-up. Reproduced with permission [194]. 
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C Reactive Protein > 75th % + + 

Total Cholesterol > 75th % . , 



Fig. 6. CRP is predictive of a first myocardial infarction in individuals from the Physician Health Study. Reproduced with 
permission [31], 



subjects with a greater acute improvement of 
endothelial function with vitamin C (suggesting 
more oxidative stress) had a worse outcome. This 
study was reasonably robust with 91 end-points 
(Fig. 5). 

Prognostic studies have also suggested a role for 
brachial ultrasound assessment of flow-mediated 
vasodilation [195]. A recently reported study 
demonstrated that abnormalities of FMD were 
predictive of post-operative complications in pa- 
tients undergoing non-cardiac vascular surgery 
[196]. 

All the studies done to date are too small to 
be definitive. Studies with thousands of subjects 
are underway to deter mi ne if a single measure 
of vasoreactivity in an individual patient predicts 
the development of atherosclerosis or its complica- 
tions. (Vita 2002 personal communication) [197]. 
Until these are reported, measures of vasomo- 
tor responses should still be considered research 
tools. 

Studies of Inflammation 

Several systemic markers of inflammation have 
been assessed [198]. Studies by Ridker have 
demonstrated a relationship with cardiovascular 
outcomes with interleukin-6 [199], TNF-o! [200], 
soluble P selectin [22], and soluble ICAM-1 [21k 
However, CRP has emerged as the most promis- 
ing of the inflammatory markers. 

In both healthy men and women, CRP levels in 
the upper quartile increase risk by 2-A fold and are 



at least as prognostic as lipid parameters (Fig. 6) 
[31]. Of great interest is the fact that subjects with 
elevated levels of CRP seem to gain more benefit 
from pharmacological therapies such as ASA or 
statin therapy [154,155,201]. It may be that CRP 
would add benefit to current risk assessment mod- 
els for targeting therapy in subjects at moderate 
risk. Controlled trials of this type of approach are 
clearly warranted. 

Conclusion 

In the past two decades our appreciation of the 
role of nitric oxide in vascular homeostasis has 
blossomed. Endothelial function can now be read- 
ily measured in humans and is a very useful re- 
search tool to assess the impact ofrisk factors and 
their treatment on vascular function. A growing 
list of therapeutic modalities have been shown 
to modulate endothelial dysfunction which has 
important implications for the treatment of sub- 
jects at risk of developing atherosclerotic com- 
plications. In the past year, several small stud- 
ies have suggested a prognostic role for measures 
of endothelium-dependent vasomotion. CRP is on 
the verge of being incorporated into c lini cal use to 
help with risk stratification. Much work rem a ins 
to be done. However, it is probable that endothe- 
lial function testing will assume a prominent role 
in the evaluation and treatment of patients at 
risk of developing coronary atherosclerosis and its 
sequelae. 
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Abstract. Cardiac hypertrophy occurs in pathological con- 
ditions associated with chronic increases in hemodynamic 
load. Althongh hypertrophy can initially he viewed as a salu- 
tary response, nitimately, it often enters a phase of patho- 
logical remodeling that may lead to heart failure and pre- 
mature death. A prevailing concept predicts that changes 
in gene expression in hypertrophied cardiac myocytes and 
cardiac myocyte loss hy apoptosis contribute to the tran- 
sition from hypertrophy to faiinre. In recent years, nitric 
oxide (NO) has emerged as an important regulator of car- 
diac remodeling. Specifically, NO has heen recognized as a 
potent antihypertrophic and proapoptotic mediator in cnl- 
tured cardiac myocytes. Studies in genetically engineered 
mice have extended these findings to the in vivo situation. 
It appears that low levels and transient release of NO hy 
endothelial NO synthase exert heneficial effects on the re- 
modeling process hy redneing cardiac myocyte hypertrophy, 
cavity dilation and mortality. By contrast, high levels and 
sustained prodnetion of NO hy indncihle NO synthase seem 
to he maladaptive hy redneing ventricniar contractile fnne- 
tion, and increasing cardiac myocyte apoptosis, and mor- 
tality. In the future, these novel insights into the role of 
NO in cardiac remodeling should allow the development of 
novel therapeutic strategies to treat cardiac remodeling and 
faiinre. 
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Introduction 

Nitric oxide (NO) is a free radical gas and is readily 
diffusible, it has a very short half-life, lasting only 
seconds. NO is synthesized from L-arginine by the 
catalytic reaction of different isoforms of nitric ox- 
ide synthases, including the neuronal type 1 iso- 
form (nNOS), the inducible type 2 isoform (iNOS), 
and the endothehal, type 3 isoform (eNOS). 
nNOS and eNOS are constitutively expressed en- 
zymes and are regulated predominantly at the 
posttranslational level, whereas in most cell types, 
iNOS is only expressed in response to appropriate 
stimuli. Small amounts of NO, produced by nNOS 
and eNOS, are involved in signal events that reg- 
ulate neurotransmission and vascular tone. Be- 
cause the activity of nNOS and eNOS is triggered, 
it is transient. Much larger concentrations of NO 
are usually provided by iNOS. Because iNOS is 



independent of stimulating agonists and its 
activity is sustained. Both nNOS and eNOS 
are constitutively expressed in the myocardium. 
nNOS is expressed in nerve endings involved 
in the neurotransmission of norepinephrine, and 
eNOS is expressed in endothelial cells, endo- 
cardial cells, and cardiomyocytes [1]. In disease 
states associated with cytokine activation or in- 
flammation, cardiac iNOS expression is induced 
in endothelial cells, vascular smooth muscle cells, 
macrophages, and cardiac myocytes [1]. The ubiq- 
uitous distribution of NO synthases within the 
myocardium and the versatile actions of NO make 
this molecule unique in the diverse cardiac effects 
that depend on its concentration and the spatial 
and temporal activity of its isoforms [2]. The ver- 
satility of NO is largely related to its capability 
to react with superoxide, oxygen, and transition 
metals. Each of the products of these reactions, 
peroxynitrite, NO^t, and metal-NO adducts, sup- 
port additional reactions. An important physio- 
logical target of NO is the heme protein soluble 
guanylyl cyclase. NO activates guanylyl cyclase by 
interacting with its heme. Guanylyl cyclase cat- 
alyzes the formation of cGMP, which serves as a 
second messenger for NO and acts on a number of 
downstream targets, including ion channels, phos- 
phodiesterases and kinases in a cell-type specific 
manner. 

In recent years, a number of studies have been 
published which collectively indicate that nitric 
oxide can modulate both hypertrophy and apop- 
tosis in the heart. Considering the pathophysi- 
ological importance of these processes, NO may 
play a critical role in various disease states as- 
sociated with cardiac hypertrophy and failure. 
Specifically, in cell culture experiments, NO has 
been recognized as a negative regulator of the 
hypertrophic response and a potent proapoptotic 
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stimulus in cardiac myocytes. Recent studies in 
genetically manipulated mice extend these find- 
ings to the in vivo situation and establish that 
NO, produced by the different NO synthase iso- 
forms, acts as an important regulator of the re- 
modeling process and may even determine sur- 
vival in cardiac hypertrophy and failure. In this 
review, we discuss the role of NO and NO syn- 
thases in cardiac remodeling. We will start with 
an overview of contemporary concepts of cardiac 
hypertrophy and apoptosis and their contribu- 
tion to the remodeling process and heart failure 
progression. 

Cardiac Hypertrophy, Remodeling 
and Failure 

Cardiac hypertrophy occurs in response to long- 
term increases in hemodynamic load related to 
a variety of physiological and pathological con- 
ditions. The hypertrophic process is character- 
ized by stmctural changes at the cardiac my- 
ocyte level that are translated into alterations in 
chamber size and geometry, collectively called re- 
modeling [3,4]. In pressure-overload hypertrophy, 
additional sarcomeres are assembled in parallel, 
leading to thicker myocytes and to a concentric 
pattern of ventricular hypertrophy. In contrast, 
in volume overload, additional sarcomeres are 
assembled in series, leading to longer myocytes 
and ventricular dilatation (eccentric hypertro- 
phy). Functional benefits of the hypertrophic re- 
sponse include an increase in the number of con- 
tractile elements, a lowering of wall stress through 
increased wall thickness in concentric hypertro- 
phy, and increasing stroke volume by increas- 
ing end-diastolic volume in eccentric hypertro- 
phy. Physiological forms of cardiac hypertrophy 
are characterized by intermittent (athlete’s heart) 
or transitory (pregnancy) increases in workload 
and are considered to be purely adaptive. By con- 
trast, pathological forms of cardiac hypertrophy 
observed in ischemic, hypertensive or valvular 
heart disease develop in response to persistent 
increases in hemodynamic load. Epidemiological 
studies have demonstrated that pathological car- 
diac hypertrophy is a risk factor for future car- 
diac events [5,6]. Indeed, pathological cardiac hy- 
pertrophy often enters a phase of pathological 
remodeling that leads to contractile dysfunction 
and ultimately to heart failure and sudden death. 
These observations suggest that certain compo- 
nents of the hypertrophic response to persistent 
increases in workload are maladaptive. The re- 
mainder of this discussion will focus on patholog- 
ical forms of cardiac (myocyte) hypertrophy and 
remodeling. 



Cardiac Myocyte Hypertrophy and 
Apoptosis and the Transition to Failure 

The precise mechanism(s) responsible for the tran- 
sition from adaptive hypertrophy and remodeling 
to maladaptive heart failure are elusive, but there 
are several candidate mechanisms (reviewed in 
[3]). Deficiencies in high-energy phosphate stores, 
defects in excitation-contraction coupling, excess 
formation of myocyte microtubules and increased 
production of extracellular matrix likely partici- 
pate in pathological remodeling. Attenuation of 
6-adrenergic signal transduction as the major 
means of supporting decreased myocardial perfor- 
mance probably contributes to the transition as 
well. A valuable concept that has emerged in re- 
cent years predicts that cardiac myocyte hyper- 
trophy itself, although compensatory in the be- 
ginning, may be detrimental in the long-term [3]. 
Pathological cardiac myocyte hypertrophy is not 
simply a matter of a quantitative increase in con- 
tractile proteins and other key elements that ini- 
tiate and regulate contraction, but rather, it is 
associated with qualitative changes in gene ex- 
pression. The molecular signature of pathologi- 
cal cardiac myocyte hypertrophy is fetal gene in- 
duction, including changes in gene expression of 
contractile and calcium handling proteins. Neu- 
rohormonal systems and cytokines play a central 
role in promoting pathological cardiac myocyte 
hypertrophy in response to persistent increases 
in hemodynamic load. The qualitative changes in 
gene expression in hypertrophied myocytes lead 
to an impairment of myocyte contractile func- 
tion which then promotes persistent activation of 
neurohormones and cytokines. A schematic dia- 
gram of this putative vicious circle is shown in 
Figure 1. 

Considering the potential importance of patho- 
logical cardiac myocyte hypertrophy in the remod- 
eling process and the transition to failure, much 
investigation has focused on the signaling path- 
ways controlling the hypertrophic response at the 
level of the single cardiac myocyte. It has emerged 
that the hypertrophic response is orchestrated by 
neurohormonal growth factors and cytokines act- 
ing through several intracellular signaling cas- 
cades (reviewed in [7]). Signaling molecules that 
have been characterized as important transduc- 
ers of the hypertrophic response, include pi inte- 
grins and mechanical stretch-activated pathways, 
specific G protein isoforms, low-molecular-weight 
GTPases (Ras, RhoA, Rac), mitogen-activated 
protein kinase cascades, protein kinase C, cal- 
cineurin, gpl30-Jak-Stat, insulin-like growth fac- 
tor I receptor pathway, fibroblast growth fac- 
tor and transforming growth factor-6 receptor 
pathways, and many others. Most, if not all, of 
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Fig. 1. Nitric oxide and its influence on two important vicious 
circles that promote remodeling and cardiac dysfunction in 
the presence of myocardial damage. Mechanical load and 
neurohormonal I cytokine signaling pathways induce altered 
gene expression and I or cell death, both of which impair 
myocardial function further (adapted from Braunwald and 
Bristow [3]). Nitric oxide influences the remodeling process, by 
negatively regulating the hypertrophic response and by 
promoting apoptosis in cardiac myocytes. 



these signaling pathways produce pathological 
hypertrophy, i.e. hypertrophy leading to contrac- 
tile dysfunction and poor chmcal outcomes. Each 
of these signahng pathways has been impheated 
as a hypertrophy transducer, suggesting an al- 
most overwhelming complexity in hypertrophy 
signahng cascades in cardiac myocytes. However, 
both experimental and chnical studies have indi- 
cated that specific inhibition of individual growth 
factors or signahng cascades will often dimin- 
ish the activation of other interdependent sig- 
nal transduction pathways and will therefore 
suffice to inhibit the hypertrophic response [7]. 
These studies support an integrated model of sig- 
nal transduction in the heart such that multiple 
pathways are necessary for timely and effective 
hypertrophy. 

Another recently emphasized and probably im- 
portant component of the transition from hyper- 
trophy to heart failure is cardiac myocyte apop- 
tosis, or programmed ceh death [3]. Although its 
role in less advanced forms of cardiac hypertrophy 
and failure is uncertain, cardiac myocyte apop- 
tosis has been clearly demonstrated in end-stage 
failing hearts. Cardiac myocyte apoptosis is trig- 
gered by a variety of factors, including reactive 
oxygen species, myocyte over-stretch, hypoxia, 
Ca^'*' -overload, cytokines, and neurohormones. 
These different factors activate a precisely orches- 
trated genetic program culminating in the acti- 
vation of executioner caspases, the final common 



pathway of different proapoptotic stimuh. Cas- 
pases promote cell death by degrading critical 
target proteins in the nucleus, cytosol and mito- 
chondria. A prevaihng concept predicts that a pro- 
gressive loss of cardiac myocytes by apoptosis will 
increase the hemodynamic burden on surviving 
myocytes and hasten their death, thereby setting 
up a vicious circle. Thus, as outhned in Figure 1, 
cardiac myocyte loss via apoptosis joins pathologi- 
cal cardiac myocyte hypertrophy as a process that 
may produce progressive myocardial dysfunction 
in the failing heart. 

Nitric Oxide Mediates 
Antihypertrophic Effects 

A study in spontaneously hypertensive rats (SHR) 
provided the first evidence that NO can pro- 
mote antihypertrophic effects in the heart [8]. 
As shown in this study, chronic treatment with 
the NO precursor L-arginine attenuates car- 
diac hypertrophy in SHR. Importantly, L-arginine 
administration suppressed cardiac hypertrophy 
without changes in blood pressure, suggest- 
ing a direct cardiac effect. Indeed, myocardial 
NOx levels were greater in L-arginine-treated 
SHR than in vehicle-treated controls indicat- 
ing that chronic L-arginine administration en- 
hances cardiac production of NO. L-arginine 
treatment not only reduced cardiac weights, 
but also cardiac expression of the fetal isoform 
skeletal a-actin, indicating that L-arginine sup- 
presses pathological cardiac myocyte hypertro- 
phy. Calderone et al. [9] demonstrated that the 
NO donor 5-nitroso-A-acetyl-D,L-penicillamine 
(SNAP) causes a concentration-dependent de- 
crease in Q!i-adrenoreceptor-stimulated protein 
synthesis in isolated neonatal cardiac myocytes, 
confirming that exogenous NO exerts inhibitory 
effects on cardiac myocyte hypertrophy. Con- 
versely, inhibition of endogenous NO synthesis in 
cardiac myocytes by AG-monomethyl-L-arginine 
potentiates ai -adrenergic increases in protein syn- 
thesis, indicating that basal levels of endogenous 
NO production suppress cardiac myocyte growth 

[9] . Stimulation of cardiac myocytes with SNAP 
increases intracellular cGMP levels; moreover, 
the growth-suppressing effects of SNAP are mim- 
icked by the cGMP analog 8-bromo-cGMP sug- 
gesting that the growth-inhibiting effects of NO 
are mediated, at least in part, by cGMP [9]. Sim- 
ilarly, antihypertrophic effects of L-arginine in 
the SHR model are associated with increased car- 
diac levels of cGMP [8]. Confirming and extend- 
ing the results obtained in the neonatal system, 
antihypertrophic effects of NO via cGMP have 
also been demonstrated in adult cardiac myocytes 

[ 10 ] . 
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What are the downstream target(s) mediat- 
ing the inhibitory effects of NO and cGMP 
on cardiac myocyte hypertrophy? In general, 
cGMP effectors include cGMP-regulated phospho- 
diesterases, cGMP-regulated ion channels and 
cGMP-dependent protein kinases (PKGs) [11]. 
Two PKG genes have been identified in mam- 
malian cells, encoding for PKG type I (including 
a and ^-splice variants) and PKG type II. In car- 
diac myocytes, PKG I mediates negative inotropic 
effects of NO and cGMP [12-15]. Consistent with 
these previous reports, we recently demonstrated 
that neonatal rat ventricular cardiac myocytes ex- 
press PKG type I [16], predominantly the a-splice 
variant (K.C.W. and S.M. Lohmann, unpublished 
observation). This endogenous PKG I is a down- 
stream target for NO and cGMP in cardiac my- 
ocytes, as evidenced by the site-specific phospho- 
rylation of vasodilator-stimulated phosphoprotein 
(VASP), a well-characterized PKG substrate [16]. 
Intriguingly, treatment of cardiac myocytes with 
a PKG-selective cGMP analog attenuates the hy- 
pertrophic response to ai -adrenergic stimulation 
as effectively as SNAP, demonstrating that en- 
dogenous PKG I can promote antihypertrophic ef- 
fects. Similar to observations in vascular smooth 
muscle cells [17], prolonged activation results in 
a downregulation of endogenous PKG I expres- 
sion and function in cardiac myocytes [16]. Down- 
regulation of PKG I likely serves as an internal 
brake mechanism that limits the antihypertrophic 
effects of NO and cGMP. Indeed, the antihy- 
pertrophic effects of NO and cGMP in cardiac 
myocytes can be strongly enhanced by overex- 
pression of PKG I using adenoviral gene trans- 
fer [16]. PKG I has previously been shown to 
suppress the L-type Ca^'^'-channel current and 
[Ca^+li transients in cardiac myocytes [12,18,19]. 
Ca^'*' -influx via the L-type Ca^+ -channel has been 
implicated in the regulation of cardiac myocyte 
hypertrophy [20]. Recently, a number of Ca^"^- 
sensitive hypertrophic signaling pathways have 
been identified in cardiac myocytes, underscor- 
ing the importance of Ca^’^ as a central regula- 
tor of the hypertrophic response [21-24]. Since 
the growth-inWbitory effects of NO and cGMP in 
cardiac myocytes can be mi micked both qualita- 
tively and quantitatively by Ca^"'' -channel antag- 
onists [9], we hypothesized that antihypertrophic 
effects of NO and cGMP may be mediated, at least 
in part, via inhibition of Ca^+-dependent signal- 
ing pathways by PKG I. One prominent Ca^+- 
dependent pathway involves the Ser/Thr protein 
phosphatase calcineurin. Activation of calcineurin 
by Ca^'*' results in the dephosphorylation and nu- 
clear translocation of cytoplasmic latent NFAT 
(nuclear factor of activated T cells) transcrip- 
tion factors [25]. Many lines of evidence, includ- 
ing the antihypertrophic effects of endogenous 
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Fig. 2. Signaling pathways of NO in cardiac myocytes. 
Antihypertrophic effects of NO are mediated via soluble 
guanylyl cyclase (sGC), cGMP formation, and activation of 
cGMP-dependent protein kinase type I (PKG I). By contrast, 
proapoptotic effects of NO relate to its reaction with superoxide 
(O 2 ) to form peroxynitrite (ONOO~). See text for details. 



calcineurin inhibitory peptides [26], have con- 
tributed to the conclusion that the calcineurin- 
NFAT pathway plays an essential role in the 
hypertrophic response to growth factor stimu- 
lation. Recent data from our laboratory indi- 
cate that NO/cGMP activation of PKG I inhibits 
the hypertrophic calcineurin-NFAT pathway in 
cardiac myocytes by targeting critical, 
dependent steps upstream of calcineurin. Our 
data indicate that inhibitory effects of PKG I up- 
stream of calcineurin are mediated by interfer- 
ing with Ca^'*' entry via the L-type Ca^+-channel 
(Fig. 2) [27]. It is noteworthy that in vascu- 
lar smooth cells and other cell types, PKG I 
inhibits signaling via low-molecular-weight GT- 
Pases Ras and RhoA [28,29], mediators which 
have also been implicated in the regulation of 
cardiac myocyte hypertrophy [30-32]. Therefore, 
it is feasible that PKG I inhibition of such ad- 
ditional signaling pathways could also promote 
NO/cGMP antihypertrophic effects in cardiac 
myocytes. 

Nitric Oxide Induces Apoptosis 
in Cardiac Myocytes 

In addition to its antihypertrophic effects, NO 
has been shown to promote apoptosis in cardiac 
myocytes in a dose-dependent manner. It appears 
that lower concentrations of NO, which are suf- 
ficient to suppress cardiac myocyte hypertrophy, 
are not toxic to cardiac myocytes, and that higher 
concentrations of NO are required to induce 
caspase activation, DNA fragmentation, and cell 
death [16]. Treatment of neonatal cardiac my- 
ocytes with a PKG-selective cGMP analog does not 
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promote apoptotic cell death; moreover, adenoviral 
overexpression of PKG I does not enhance the sus- 
ceptibility of cardiomyocytes to the proapoptotic 
effects of NO. These data support the concept 
that proapoptotic effects of NO in neonatal 
cardiomyocytes are mediated by cGMP- 
independent rather than cGMP-dependent 
mechanisms [16]. Likewise, Arstall et al. have 
recently demonstrated that iNOS upregulation by 
interleukin- 1/3 and interferon-y increases apopto- 
sis in neonatal cardiac myocytes by a process that 
is independent of guanylate cyclase activation 
and cGMP [33]. Cytokine-induced apoptosis can 
be blocked by iNOS inhibitors, clearly impheating 
iNOS in cardiac myocyte death [33]. However, 
concentrations of an NO donor added in similar 
concentrations to the amount of endogenous 
nitrite produced by myocytes after cytokine treat- 
ment does not stimulate ceU death, suggesting 
that NO itself is not cytotoxic. The che mi cal reac- 
tivity and toxicity of NO can be greatly increased 
by its diffusion-limited reaction with superoxide 
to form peroxynitrite [34]. A role for peroxynitrite 
in NO mediated cardiac myocyte apoptosis was 
demonstrated by experiments showing that a 
superoxide and peroxynitrite scavenger protects 
myocytes from cytokine-induced apoptosis and 
that myocytes wiU rapidly undergo apoptosis after 
direct stimulation with peroxynitrite [33]. Several 
studies have shown that NO stimulated apoptosis 
in cardiac myocytes is associated with an altered 
expression pattern of apoptosis regulators of the 
Bcl-2 family which play a critical role in the 
determination of ceU fate, in part, by altering 
mitochondrial membrane permeability [35]. NO 
increases the abundance of the proapoptotic 
Bcl-2 family members Bax and Bak in cardiac 
myocytes; by contrast, expression levels of the 
antiapoptotic Bcl-2 family members Bcl-2 and 
Bcl-x(L) are not affected [33,36]. It appears, 
therefore, that NO signaling via peroxynitrite 
stimulates apoptosis by producing a relative 
increase in proapoptotic effector proteins in 
cardiac myocytes. Taken together, these studies 
argue in favor of an oxidative, rather than a 
cGMP-dependent, mechanism for cytokine- and 
NO-mediated apoptosis in cardiac myocytes 
(Fig. 2) [1633,36]. The situation may be differ- 
ent in adult cardiac myocytes, however, where 
NO has been shown to promote apoptosis in a 
cGMP-dependent manner [37]. Even in neonatal 
cells, it has been demonstrated in one study that 
cGMP analogs (weakly) promote apoptosis [38]. 
Since the degree to which NO forms peroxynitrite 
is dependent on the availability of oxygen free 
radices, the redox state of cardiac myocytes may 
be an important variable in determining the 
apoptotic response to NO. Further studies will be 
required to elucidate further the contribution of 



cGMP-dependent mechanisms to the proapoptotic 
effects of NO. 

Studies in Genetically Engineered Mice 

Genetically engineered mice carrying gain-of- 
function or loss-of-function mutations of specific 
NOS isoforms offer the unique opportunity to ad- 
dress the functional significance of NO in a de- 
fined genetic background. In fact, physiological 
and molecular analyses of NOS-transgenic mice 
have allowed scientists to address some of the 
most fundamental questions related to NO and 
its putative role in cardiac remodeling [39]. The 
development of microsurgical techniques, and the 
adaptation of experimental models of cardiac hy- 
pertrophy and failure to the mouse have been 
critical in this regard (reviewed in [40]). To in- 
vestigate the role of eNOS in post infarction car- 
diac remodeling, Scherrer-Crosbie et al. compared 
the impact of left anterior descending coronary 
artery ligation in wild-type and eNOS-deficient 
mice [41]. Although, there were no differences in 
infarct size between the two groups, left ventricu- 
lar dilatation was more marked in eNOS deficient 
than in wildtype mice. Moreover, left ventricular 
systohe and diastolic functions were impaired to 
a greater extent in eNOS deficient mi ce. Impor- 
tantly, left ventricular hypertrophy, as reflected by 
mass and cardiac myocyte width, was greater in 
eNOS deficient mi ce. Finally, eNOS deficiency was 
associated with an increased long-term mortality 
after myocardial infarction. eNOS deficient mice 
have an increased systemic blood pressure [42]. 
However, even after treatment with hydralazine, 
cardiac enlargement, contractile dysfunction, hy- 
pertrophy, and mortahty were greater in eNOS de- 
ficient mice [41]. These data strongly suggest an 
important role for eNOS in limiting post infarction 
cardiac hypertrophy and dilatation. In contrast to 
the study by Scherrer-Crosbie et al. [41], Liu et al. 
recently reported that eNOS deficiency does not 
aggravate myocardial remodeling after coronary 
ligation in mice [43]. The reason(s) for the dis- 
crepant results in these two studies are not clear. 
Notably, however, mean infarct sizes were signif- 
icandy smaller in the study by Scherrer-Crosbie 
et al., raising the possibility that the pathophysio- 
logical consequences of eNOS deficiency are more 
evident in mild forms of cardiac dysfunction and 
failure. Future studies should test this hypothesis. 

Increased cardiac production of NO occurs in 
a number of disease syndromes, including my- 
ocarditis, cardiac allograft rejection, and heart 
failure after the induction of iNOS in the my- 
ocardium [44,45]. In the presence of adequate 
levels of cofactors (e.g. tetrahydrobiopterin and 
calmodulin) and substrates (L-arginine and oxy- 
gen), very high levels of NO production can be 
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achieved after iNOS induction. In conditions of 
L-arginine or cofactor deficiency, however, iNOS 
reduces molecular oxygen to superoxide. As dis- 
cussed above, peroxynitrite, formed by an inter- 
action of NO with superoxide, and superoxide 
itself are cytotoxic to cardiac myocytes, suggest- 
ing that iNOS induction in the myocardium may 
exert detrimental effects. To directly investigate 
the role of iNOS in left ventricular remodeling, 
Sam et al. subjected iNOS deficient mice to coro- 
nary artery ligation [46]. iNOS deficiency did not 
affect mean infarct sizes after coronary hgation. 
However, as compared to wild-type control mice, 
iNOS deficient mice exhibited a less pronounced 
decrease in left ventricular contractile function, a 
reduced frequency of apoptotic myocytes in the re- 
mote myocardium, and, most importantly, reduced 
mortality in the chronic phase after infarction 
[46]. Similar results were reported by Feng et al., 
who also noted increased myocardial contractil- 
ity and a decrease in mortality in iNOS deficient 
mice after infarction [47]. Mungrue et al. have 
used a different experimental strategy to study 
the pathophysiological consequences of increased 
iNOS expression in the myocardium and have gen- 
erated transgenic mice with conditional overex- 
pression of iNOS in cardiac myocytes [48]. iNOS 
overexpression was associated with a mild inflam- 
matory cell infiltrate, cardiac fibrosis, myocyte 
death, increased cardiac mass, and cardiac dilata- 
tion. While a few iNOS-overexpressing mice devel- 
oped overt heart failure, most animals died sud- 
denly from heart block and asystole. Postmortem 
examinations of iNOS transgenic mice typically 
revealed normal cardiac morphology. However, a 
few deceased animals exhibited gross ventricu- 
lar dilation and hypertrophy. These data suggest 
that increased myocardial iNOS activity is ca- 
pable of initiating a process of cardiac remodel- 
ing that is characterized by ventricular dilata- 
tion, hypertrophy, and sudden cardiac death [48]. 
Remarkably, iNOS overexpression promoted an 
increase in cardiac mass in the study by Mungme 
et al. At first glance, this observation appears to 
contradict previous studies demonstrating antihy- 
pertrophic effects of NO [8,9,16,41]. It is impor- 
tant to note, however, that upregulation of iNOS 
in the study by Mungrue et al. led to increased 
formation of superoxide and peroxynitrite in the 
heart with no evidence for increased production of 
NO*, suggesting that iNOS overexpression led to 
substrate depletion and a switch from NO to su- 
peroxide production [48]. Reactive oxygen species 
have been recognized as prohypertrophic signal- 
ing intermediates in cardiac myocytes [49-51]. 
Future studies should therefore address the pos- 
sibility that superoxide generation by iNOS may 
stimulate cardiac myocyte hypertrophy. Heger 
et al. recently reported that nonconditional iNOS 



overexpression in cardiac myocytes does not al- 
ter cardiac structure or function [52]. However, 
this apparent difference in phenotype hkely re- 
flects a critical difference in experimental design, 
with the conditional system presumably leading 
to higher levels of cardiac iNOS activity [48]. 
In future experiments, both iNOS overexpress- 
ing mouse strains will probably be subjected to 
hemodynamic stress; these forthcoming studies 
should reveal the impact of different levels of iNOS 
overexpression on the remodeling process. 

Conclusions and Future Perspectives 

Nitric oxide has emerged as an important regula- 
tor of cardiac hypertrophy, apoptosis and remodel- 
ing. The diverse cardiac effects of NO depend on its 
source and concentration and the activity of radi- 
cal scavenging systems. It appears that low levels 
and transient release of NO by eNOS exert benefi- 
cial effects on the remodeling process by reducing 
cardiac myocyte hypertrophy, cavity dilation and 
mortahty. By contrast, high levels and sustained 
production of NO by iNOS seem to be maladaptive 
by reducing ventricular contractile function, and 
increasing cardiac myocyte apoptosis, and mortal- 
ity. Importantly, detrimental effects of iNOS re- 
late, in part, to an increased formation of toxic re- 
active oxygen species. Hopefully, our knowledge 
about the biology of NO and its role in cardiac re- 
modeling should enable us to develop novel thera- 
peutic strategies to prevent the detrimental effects 
associated with cardiac hypertrophy and failure. 
As it appears, some “old” drugs already take ad- 
vantage of this promise. For example, angiotensin- 
converting enzyme (ACE) inhibitors have been 
shown to enhance eNOS expression, and NO avail- 
ability, and such a mechanism may contribute to 
the beneficial effects of these dmgs in heart fail- 
ure [53]. Indeed, the beneficial effects of ACE in- 
hibitors (and angiotensin type 1 receptor antag- 
onists) are severely blunted in eNOS knock-out 
mice with postinfarction heart failure, supporting 
the notion that eNOS derived NO is an impor- 
tant cardioprotective mediator [43]. It has recently 
been reported that HMG CoA reductase inhibitors 
(statins) and estrogens exert antihypertrophic ef- 
fects in vivo [54—56]. Since statins and estrogens 
both augment eNOS expression [57,58], antihy- 
pertrophic effects of these agents may relate, in 
part, to an increase in NO formation by eNOS. Cell 
culture studies indicate that antihypertrophic and 
proapoptotic effects of NO are mediated via dis- 
tinct signaling pathways. Inhibitory effects on car- 
diac myocyte hypertrophy are mediated by cGMP 
and its activation of cGMP-dependent protein ki- 
nase, whereas toxic effects of NO appear to be 
related mostly to the formation of peroxynitrite. 
Recently, a compound has been described that 
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stimulates guanylyl cyclase independent from NO 
[59]. It has been shown that this drug lowers 
blood pressure and reduces mortality in a low NO, 
high renin rat model of hypertension [60]. Future 
studies should address whether this new class of 
dmgs can be used to suppress hypertrophy with- 
out increasing the propensity to cell death. Con- 
sidering the detriment^ effects of increased iNOS 
expression in the failing heart, iNOS may be a 
promising therapeutic target. However, today, no 
therapeutic strategies have been delineated that 
specifically suppress iNOS activity in the failing 
heart. Conceptually, a number of avenues could 
be followed towards this goal, including the use 
of selective iNOS inhibitors [61], iNOS antisense 
oligonucleotides [62], and strategies targeting cy- 
tokines [63] or transcription factors [64] involved 
in the regulation of iNOS expression. 
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Abstract. Nitric oxide (NO) plays critical roles in the 
regulation of integrated cardiac and vascular function 
and homeostasis. An understanding of the physiologic 
role and relative contribution of the three NO syn- 
thase isoforms (neuronal — NOSl, inducihle — NOS2, and 
endothelial — NOS8) is imperative to comprehend derange- 
ments of the NO signaling pathway in the failing cardiovas- 
cular system. Several theories of NO and its regulation have 
developed as explanations for the divergent observations 
from studies in health and disease states. Here we review 
the physiologic and pathophysiologic influence of NO on car- 
diac function, in a framework that considers several the- 
ories of altered NO signaling in heart failure. We discuss 
the notion of spatial compartmentalization of NO signaling 
within the myocyte in an effort to reconcile many contro- 
versies about derangements in the influences of NO in the 
heart and vasculature. 

Key Words, nitric oxide, heart failure, spatial 
compartmentalization, myocyte 



Introduction 

The discovery of the endogenous nitric oxide 
(NO) pathway has revolutionized concepts of 
endocrine-paracrine-autocrine signaling. The di- 
atomic molecule, NO, is produced in essen- 
tially aU mammalian organs and tissues by 
a family of NO synthases. While NO can 
act as a paracrine-autocrine signaling molecule 
(endothelial-dependent vasorelaxation as a proto- 
type), it also has che mi cal properties allowing it 
to act with precision in subcellular microdom a ins 
[1]. Substantial work on NO biology within the 
heart has better clarified how this molecule me- 
diates/modulates essentially all key pathways in- 
volved in cardiac regulation. In this review, we out- 
line the mechanisms for NO regulation of the heart 
in health and disease, with particular emphasis on 
heart failure (HF). 

The mechanism(s) by which nitric oxide (NO) 
influences cardiac function and, importantly, dys- 
function has been difficult to conceptualize in a 
unified manner because of the diverse and, in 
some cases, seemingly opposite effects attributed 
to this signaling molecule [2]. NO synthases (NOS) 
are expressed not only in cardiac endothelial cells 



but also in cardiac myocytes, where NO exerts 
various location-specific intracrine effects [3]. En- 
dothelial NOS (NOS3) loc ali zes to sarcolemmal 
caveolae [4] and to the mitochondria [5], whereas 
neuronal NOS (NOSl) is localized to the sarcoplas- 
mic reticulum (SR) [6]. In addition, inducible 
NOS (NOS2) is expressed when the gene is ac- 
tivated in response to circulating inflammatory 
mediators [7,8]. Among the effects attributable 
to NO within the heart are in fluences upon 
signal transduction/^-adrenergic stimulation [9], 
mitochondrial respiration/myocardial energetics 
[10,11], and calcium cycling [3,12] (Table 1). 

In heart failure most of the NO influences on 
cardiac function are deranged often in seemingly 
opposite directions (Table 1). The notion that NO 
acts in cellular microdomains with site-specific 
modes of signaling offers an explanation for these 
divergent effects. This is supported by the fact that 
NOS isoforms are spatially confined to different 
cellular organelles. 

Theories of Dysregulation of NO in HF 

Several theories have been explored in detail in 
an attempt to offer a comprehensive explantation 
of altered NO signaling in the failing circulation. 
These are discussed below. 

NOS2 Induction 

Following the initial report by Shulz and co- 
workers [13] that exposure of cardiac myocytes to 
cytokines led to the induction of biochemical 
independentNOS activity, both (iNOS) mRNA and 
protein have been reported in the heart [14]. In 
several studies, NOS2 expression in cardiac my- 
ocytes or adjacent cells has been shown to result 
in contractile dysfunction, notably depression of 
^-adrenergic inotropic responses [14]. Based on 
these data and the observations that there are el- 
evated circulating cytokines in HF [15,16], it has 
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Table 1. Effect of endogenous NO on myocardial physiology and the pathophysiology of heart failure 





Effect of NO in normal heart 


L-NMMA or NOS3"/" 


L-NMMA in CHF 


Basal contractility 


t 


1(52,53)* 


-h.(52,63)* 


Lusitropy 


t 


1(34,48)* 


1 


^-Adrenergic inotropy 


1 


t(56,88) 


tt(9.90)* 


SW/MVOz'’ 


t 


1(11) 


-H-dlO)* 


release 

(stimulated by /8-agonist) 


t 


tt(3) 


7 



The table depicts reported effects of endogenous NO on five aspects of cardiac physiology (first column), the impact of inhibition of NO signaling with 
NOS inhibition with L-N^-monomethyl arginine (L-NMM A) or NOS3 gene deletion in the otherwise normal heart (second column), and the impact of 
L-NMMA in heart failure (third column). 

“Observations have been extended to humans. 

•»SW/MV02, ratio of myocardial stroke work to oxygen consumption, a measure of cardiac mechanical energetic efficiency. 



been suggested that iNOS expression in vivo may 
contribute to myocardial contractile dysfunction 
inHF. 

Despite the attractiveness of this hypothesis, 
the precise roles of NOS 2 in HF remain con- 
troversial [17]. It is possible to that NOS2 in- 
duction may have beneficial effects including: 
cytoprotection, decreased leukocyte adhesion, an- 
tiplatelet activity, reduced vascular permeabil- 
ity, and antioxidant activity. On the other hand, 
the widespread expression of iNOS, especially in 
noninflammatory cells, may have harmful conse- 
quences [8,18-20]. Potential subcellular mecha- 
nisms involved in these harmful effects include 
excessive direct (cGMP-independent) reactions of 
NO with a wide variety of proteins and enzymes 
including reactions with amino, thiol (-SH), di- 
azo, and tyrosyl groups, and with heme and Fe^'*' 
or sulfur centers. In addition, excess NO could lead 
to abnormal elevations in cGMP concentrations or 
dismption of NO signahng requiring precise mod- 
ulation. Finally unregulated NO production also 
associated with oxidative stress can result in the 
generation of peroxynitrite and other reactive ni- 
trogen species that iter protein function via nitra- 
tion and oxidation reactions [1821-25]. Moreover, 
the reaction of excess NO in the setting of superox- 
ide can result in the inactivation of physiologically 
important NO [26]. The precise relevance of any 
of these pathways remains speculative and none 
has emerged as a dominant mechanism in HF. 



NOS3 Downregulation 

Endothelium-dependent coronary vasodilation is 
profoundly depressed in HF [27], leading to the 
suggestion that reduced NO release in all areas 
of the cardiovascular system is a dominant mech- 
anism in HF. Studies at the enzymatic level are 
contradictory; In dogs with pacing-induced HF, 
aortic endothelial cells have decreased expression 
of NOS3 [28], while in some studies in end-stage 
human HF NOS3 expression is increased [29]. 



Fukuchi et al. reported a variably increased NOS3 
only in subendocardial cardiac myocytes, which 
did not correlate with NOS activity [30]. Moreover 
it was reported that eNOS expression elsewhere 
in the heart (especially in coronary microvessels) 
was reduced [30]. Furthermore, the true activ- 
ity of the enzyme in vivo may not be reflected in 
NOS activity assays performed in the presence of 
non-limiting concentrations of substrate and co- 
factors. Further studies are required to confirm 
these data, to define the mechanisms responsible 
for the variations in NOS2 and NOS3 gene expres- 
sion in individual patients, and to directly estab- 
lish the relationship between NOS gene expres- 
sion and functional activity in vivo. 

Spatial Confinement of NOS 
Spatial confinement is an emerging concept in the 
arena of NO biology [2,3]. With the observations 
that NOS3 and NOSl are present in the cardiac 
myocyte as well as NOS3 in the coronary endothe- 
lium, it could be argued that there is a significant 
degree of redundancy in the cardiac system. How- 
ever, the observations that NOS3 and NOSl have 
divergent roles in the mouse, suggest that the sys- 
tem is not redundant [3]. The idea of spatial con- 
finement of NOS isoforms and their products may 
help explain the apparent differences in NO effects 
in the cardiac system. This review will discuss the 
NO literature as it relates to HF and demonstrate 
areas in which this concept of spatial confinement 
may reconcile apparent discrepancies. 



Modulation of the NO System 
Substrate Availability 

The availability of L-arginine as substrate for 
NOS has been controversial. Although it has been 
suggested with the intracellular concentration of 
L-arginine should be adequate for NO produc- 
tion [31,32], several studies have shown a bene- 
fit to giving supplemental L-arginine in models of 
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aging and disease [33-35]. If the concentration of 
L- arginine were sufficient for NOS signaling, sup- 
plemental substrate should not have an effect 
on the system. Recently it has been shown that 
arginase, an enzyme that competes for L-arginine, 
is upregulated in aging (unpublished observa- 
tions) and diabetes [36], and competes with 
NOS. Arginase converts L-arginine to urea and 
L-omithine and limits NO production. In these 
studies, arginase inhibitors were shown to in- 
crease NO production by increasing L-arginine 
availability for NOS [36]. 



Downstream Mechanisms of NO Stimulation 
The activation of NOS results in the activation of 
a number of complex signaling pathways . Many of 
the cardiac actions of NO are believed to be medi- 
ated by the activation of soluble guanylyl cyclase 
and the resulting elevation in intracellular cGMP 
[31,37,38]. The predominant myocardial targets of 
the activation of soluble guanylyl cyclase are the 
cGMP-dependent protein kinases (PKGs). In ad- 
dition, the cGMP-stimulated and cGMP-inhibited 
cyclic nucleotide phosphodiesterases play a role 
in regulating the downstream actions of cGMP 
through its inactivation. Other less understood 
pathways may involve cGMP-regulated ion chan- 
nels and the activation of cGMP phosphatases. 
The increase in intracellular cGMP concentration 
in myocardium results in modulation of 
influx, decreased myofilament response to 
altered sarcoplasmic reticulum function, action 
potential changes, ceU volume alteration, and a 
decrease in cellular oxygen consumption. 

While NO can ^ter myocardial function 
through cGMP-dependent pathways, it is 
becoming increasingly apparent that cGMP- 
independent actions of NO in the heart may at 
least as if not more important [12,39]. In this 
regard, precise cellular signaling mediated by 
protein modification through nitrosylation of 
specific thiol residues [40] can profoundly alter 
protein function [1]. Among the many regulatory 
pathways of the cardiac ryanodine receptor, 
responsible for regulating induced 

release in excitation-contraction couphng, is thiol 
nitrosylation [12]. Nitrosylation may also play a 
role in regulating myocardial energetics at both 
mitochondrial [41] and creatinine kinase levels 
[42]. 

The precise effects of nitrosylation based sig- 
naling mechanisms may be disrupted during 
conditions ofenhancedNO production (e.g. NOS2 
induction). In addition, excess NO production in 
conjunction with reactive oxygen species (ROS) 
can lead to peroxynitrite formation as a result of a 
reaction between NO and Og [18,21,22,38]. Per- 
oxynitrite can, in low concentrations, stimulate 



guanylate cyclase. However, in higher concentra- 
tions, the protonation of peroxynitrite results in 
the formation of peroxynitrous acid which then 
acts to generate hydroxyl species [43,44]. These 
hydroxyl species induce toxic cellular effects by ox- 
idation and protein nitration [1,12,45,46]. 

Role of NO on Basal 
Myocardial Contractility 

Systolic Function 

Physiologic Response. Conflicting results have 
made the interpretation of NO effect on systolic 
cardiac function very complex. Brady et al. first de- 
scribed a negative NO effect on basal contractility 
under normal condition as well as after induction 
of inducible NOS (iNOS or NOS2) in guinea pig 
myocytes [47]. Paulus et al. extended these find- 
ing to humans by showing that bicoronary infusion 
of NO donor sodium nitroprusside decreases esti- 
mated LV end-systohc elastance (Ees) [48]; in this 
work peak systolic pressure fell while end- systolic 
volume remained unchanged. Other studies have 
shown either biphasic [49-51] or neghgible effects. 
Regardless of the effect reported, the magnitude of 
the response to NO donors is small. 

A second approach to assess NO effects on basal 
contractility is the application of NOS inhibitors. 
This approach has the advantage of establishing 
the role of endogenously produced NO and may 
reflect biologically relevant findings to a greater 
extent than studies using NO donors. In this re- 
gard, Cotton and co-workers reported that intra- 
coronary infusion of L-N*^ monomethly arginine 
(L-NMMA) reduced an isovolumic index of con- 
tractility, LV dP/dtmax, in subjects with normal 
LV function, but did not affect basal contractility 
in HF [52]. Similarly, we reported that L-NMMA 
depressed basal myocardial contractility in nor- 
mal and not in HF dogs [53,54]. Moreover, the 
NOS3-/- mouse [55,56] has mildly reduced basal 
+dP/dt compared to wild type. On the other hand, 
similar studies in rat myocytes and guinea pig 
hearts failed to demonstrate an NO effect on basal 
contractility [57,58]. 

Response in Heart Failure. Similarly conflict- 
ing results are reported for the effects of NO 
on basal contractility in HF. While some stud- 
ies showed a negative effect of NO on contractil- 
ity in HF [59,60], others [52] showed that it has 
no effect. Both our group in dogs and humans 
and Cotton et al. in humans have shown that 
L-NMMA reduces +dP/dt in normals but not in 
subjects with heart failure. These studies utilized 
direct comparison between normal and heart fail- 
ure subjects using NOS inhibition and therefore 
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strongly suggest that a stimulatory effect of NO 
on contractility is lost in HF (Table 1). Recently 
we demonstrated that caveolin-3, a peptide that 
inhibits basal NOS activity (see below), is ele- 
vated in HF, an observation that offers a potential 
mechanism for the loss of an NO effect on basal 
contractility. 

Diastolic Function 

Physiologic Response. Studies have consis- 
tently shown that NO hastens diastolic relax- 
ation. This has been shown using NO donors, 
stimulators of NO release, cGMP, and cGMP stim- 
ulators in isolated papillary muscles [49,61,62], 
isolated hearts [63,64], isolated myocytes [38,65- 
68] and in humans [48,60]. In an isolated pap- 
illary muscle preparation, NO caused an earlier 
onset of isometric twitch relaxation and a re- 
duction in peak tension development, in a set- 
ting of little or no change in the maximum rate 
of tension development [63]. This selective effect 
on myocardial relaxation has been reported us- 
ing exogenous NO donors (Sodium nitroprus- 
side; SNP), endothelium-derived NO (released by 
substance P), a cGMP analogue [38] and with 
atrial natriuretic peptide (which raises myocar- 
dial cGMP via stimulation of particulate guanylyl 
cyclase). 

It is important to note that the effect of NO 
to enhance LV relaxation is selective and not 
in compensation to other hemodynamic changes 
as shown in isolated hearts studied at constant 
preload, afterload, and heart rate [63]. Stimula- 
tion of NO release or selective donors of NO in- 
duce earlier and faster LV relaxation, and a small 
reduction in peak LV pressure (LVP) without re- 
ducing LV dP/dimax- These effects were indepen- 
dent of alterations in coronary flow and were not 
reproduced with the NO- and cGMP-independent 
vasodilator nicardipine. 

Modulation by NO of the onset of LV relaxation 
and of LV diastolic properties has been extended 
to the human heart in vivo [48,69]. Low-dose coro- 
nary infusion of SNP or substance P results in 
earlier onset of LV relaxation and reduced peak 
end-systolic LVP, without altering LV dP/dtmax- It 
also resulted in a reduction in LV minimum dias- 
tolic pressure and LVEDP, with a rise in LV end- 
diastolic volume (LVEDV) and a down and right- 
ward displacement of the LV diastolic pressure- 
volume relationship which are consistent with an 
NO-induced increase in LV diastolic distensibility 
(passive diastolic filling) [48,69]. 

Response in Heart Failure. Whether the abil- 
ity of NO to modulate diastolic function is altered 
in heart failure remains controversial. Recchia 
et al. found that reduced NO metabolite release 



from the heart in HE correlates with elevations in 
LV end-diastolic pressure [10]. Moreover, lusitropy 
(active diastolic relaxation) is lengthened after 
L-NMMAandin NOS3“^“ mice (unpublished ob- 
servations). We suggested that NOS3 activity is 
reduced despite normal levels of NOS3 at base- 
line in dogs with heart failure secondary to up- 
regulation of caveolin-3. Reduced baseline NO 
production in HE could contribute to diastolic 
impairment. 

These findings must be balanced by studies 
demonstrating elevated NOS2 in cardiomyopathy. 
The increase in NOS2 or iNOS creates a milieu in 
which NO is produced in an uncontrolled manner 
and is only limited by substrate availability. The 
stimulus for NOS2 expression is uncertain, but 
as mentiomed above it has been suggested that 
inflammatory cytokines (e.g. TNF-a) are elevated 
in plasma of patients with heart failure and that 
these cytokines stimulate NOS2 production at the 
level ofmRNA transcription. 

Effects of NO on Inotropic Responses 

Effect of NO on the /3-Adrenergic 
Signaling Pathway 

Physiologic Response. Sympathetic activation 
of the ;8-adrenergic pathway in the heart produces 
positive inotropic, chronotropic, and lusitropic re- 
sponses (see [70] for review). These responses are 
mediated through the activation of the P\- and 
^ 2 *adrenoceptors coupled to a stimulatory G pro- 
tein (Gg), which in turn stimulates cAMP pro- 
duction by adenylyl cyclase (AC). cAMP, through 
cAMP-dependent protein kinase-A (PKA), di- 
rectly augments the L-type current (/ca), 

which enhances excitation-contraction coupling 
[71]. The best-understood signaling pathway op- 
posing ^-adrenergic cardiac activation is medi- 
ated by muscarinic-cholinergic stimulation of the 
heart [72-74]. Muscarinic receptors are coupled 
to an inhibitory G protein (Gja) that both in- 
hibits AC production of cAMP and stimulates 
NO production via NOS3 [73]. NO, which stim- 
ulates the production of cGMP, can have both 
cGMP-dependent [62,65,66,75-77] and cGMP- 
independent [39,42,78] inotropic effects. With re- 
gard to /3-adrenergic stimulation of cAMP, a clear 
role has been established for cGMP as a counter- 
balancing force [75,76]. Thus, in addition to mus- 
carinic cholinergic pathways, the NO pathway 
may also subserve an inhibitory influence over 
adrenergic inotropic and chronotropic responses, a 
contention supported by early observations made 
in isolated myocytes [79] and intact animals [80]. 

Two observations strongly support that NO 
plays a negative feedback role with regard to 
/? -adrenergic signaling. Eirst, Kanai has shown 
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that )8-adrenergic agonists increase NO produc- 
tion [81]. Secondly, selective agonists of the 
)83-adrenoceptor cause negative inotropic effects 
[3,82-87] accompanied by increases in NO and 
cGMP production [82-84]. Using mice deficient 
for this receptor, we have demonstrated that it 
is responsible for NO-mediated negative feedback 
over ^-adrenergic stimulated positive inotropy 
[ 88 ]. 

NO inhibition of ^-adrenergic inotropy is pri- 
marily mediated by NOS3 which loc a l iz es to sar- 
colemmalcaveolaeinproximityto )8-adrenergicre- 
ceptors and effector proteins such as the L-type 
Ca^+ channel. NOSl which loc ali zes to the car- 
diac sarcoplasmic reticulum, appears to subserve 
a stimulatory effectover ^-adrenergic inotropic re- 
sponses as deletion of NOSl leads to suppressed 
Ca^"*" transients and myofilament contraction in 
response to isoproterenol [3]. 

Response in Heart Failure. An enhanced abil- 
ity of NO to inhibit )3-adrenergic inotropic re- 
sponses is widely reported in both human dilated 
cardiomyopathy [9,89], in pacing-induced canine 
heart failure, a widely used and highly relevant 
animal model [53], and in cytokine treated rodent 
models [7,8]. Studies have used the approach of 
inhibiting endogenous NO production with NOS 
inhibitors as well as NOS agonists to demonstrate 
this response. With regard to the latter, Bartuneck 
and colleagues reported that dobutamine poten- 
tiates the effect of substance P on ventricular 
relaxation in dilated cardiomyopathy (DCM) pa- 
tients [59]. Moinette et al. demonstrated that 
^ 3 -adrenoceptor proteins and Gia proteins are up- 
regulated in HF when compared to control sub- 
jects [86], providing a potential mechanism for 
increased NO release during ^-adrenergic stim- 
ulation in HF. We have also previously shown 
that NOS inhibition by L-NMMA augments 
adrenergic contractility to a greater degree in 
patients with idiopathic dilated cardiomyopathy 
than in control subjects with normal LV function 
[9,90]. This response which is seemingly opposite 
to the findings that L-NMMA appears to lack an 
influence over basal contractility in HF exempli- 
fies the difficulty at arriving at a unified concept of 
altered NO signaling in heart failure. As discussed 
below, pathways that regulate NOS or its down- 
stream signaling may be altered in HF in such a 
way as to cause divergent effects on basal versus 
adrenergically stimulated myocardial contraction. 

Effect of NO on the Force Frequency Response 
Tdie force frequency response (FFR), which de- 
scribes the increase in cardiac contractility in re- 
sponse to increased heart rate, is a second ma- 
jor cardiac reserve mechanism. Changes in the 



amplitude, shape, and position of the myocardial 
FFR occurring in heart failure are characterized in 
terms of maximal isometric twitch tension, slope 
of the ascending limb (myocardial reserve), and 
position of the peak of the FFR on the frequency 
axis (optimum stimulation frequency). AH three 
of these parameters are reduced in heart failure. 
Substantial data supports a sarcoplasmic retic- 
ulum Ca^+-pump based mechanism accounting 
for progressive depression of the FFR in failing 
hearts. The manner in which NO influences my- 
ocardial contractility and the FFR has been ex- 
tremely controversial. On the one hand, studies 
using NO donors and NOS inhibitors in both ex- 
perimental systems and in humans have failed 
to detect NO influences [52,91,92] whereas others 
have shown an inhibitory influence with s imil ar 
interventions [93,94]. 

SR Ca^'*' stores are a major determinant of the 
FFR. NOSl“''“ mice have a depressed FFR and 
reduced SR stores [95]. These data suggest 
that NOSl enhances the FFR under physiologic 
conditions and may also play an important role in 
HF. Further studies, however, are needed to elu- 
cidate the role of NOSl in modulating the FFR 
in humans under baseline condition as weU as 
inHF. 

Influence of NO on Myocardial Efficiency 
(the Hemodynamic/Energetic 
Aspect of HE) 

The failing heart displays substantial energy in- 
efficiency in both isolated muscle, and the intact 
heart [96-99]. This phenomenon can be best de- 
scribed as “mechanoenergetic uncoupling,” given 
that the depression of contractile force is not 
matched by a concomitant depression of energy 
consumption. Among the proposed mechanisms 
is enhanced oxidative stress stemming from mi- 
tochondrial [100] and cytosolic free radical gen- 
erating systems [101]. Xanthine oxidase (XO) is 
prominent among these enzymes, because it pro- 
duces superoxide as a byproduct of the ter mi nal 
two steps of purine metabolism [97]. XO is upreg- 
ulated in failing myocardium of experimental ani- 
mal models [97,102] and humans [103], and its in- 
hibition by allopurinol improves the contractility 
and mechanical efficiency (the ratio between ven- 
tricular work performed and oxygen consumed) of 
intact failing hearts [11]. 

NO may influence energetics both at the SR 
[6,12,104,105] and the mitochondrial [5,41,106] 
levels. In the former, NOS activity has been 
shown to augment SR Ca^+-release channel activ- 
ity via protein nitrosylation in a manner regulated 
by oxidative stress [6,12,104,107,108]. Oxidative 
stress likely promotes maximal channel activity. 
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reducing the ability of NO to exert feedback regu- 
lation of SR Ca^"^ release. Such a situation is likely 
to lead to “futile” Ca^'*' cycling, which increases 
ATP expenditure [1091. NO may additionally in- 
fluence SR Ca^+-ATPase activity; however, this re- 
mains controversial with studies demonstrating 
contradictory results [6,107]. On the other hand, 
NO might play a protective role in HF by attenu- 
ating j6-adrenergic contractility and hence sparing 
myocardial oxygen consumption [110]. We have 
shown that NOS inhibition blocked the inotropic 
and energetic effect of allopurinol and asocorbic 
acid in HF, suggesting that NO may play an en- 
dogenous protective role with regard to oxidative 
disruption of energetics in HF [11]. 



Mechanisms of NO Regulation in HF 
Role of Caveolin 3 

Inhibition of NOS leads to an enhancement of /S- 
adrenergic inotropic responses as previously dis- 
cussed. This observation supported the hypothe- 
sis that NO signaling contributes to ^-adrenergic 
chronotropic and inotropic hyporesponsiveness in 
situations such as sepsis [7,111], aging [7,34,112], 
and HF [9,89,1 13]. With regard to HF, we have 
previously shown that L-NMMA augments p- 
adrenergic contractility to a greater degree in 
patients with idiopathic dilated cardiomyopathy 
than in control subjects with normal LV func- 
tion [9]. Whether or not upregulation of one or 
more NOS isoforms explains this response has 
not been consistently demonstrated as discussed 
above, and other mechanisms that regulate NOS 
have been sought. 

Recently we demonstrated that caveolin-3 is 
elevated in dogs with pacing induced HF [53]. 
Caveolins are scaffolding proteins found in caveo- 
lae, plasmalemmal microdomains that participate 
in signal transduction by means of colocalizing 
membrane receptors with signal transduction ef- 
fectors [114—117]. Because caveolin inhibits NOS 
activity by preventing calmodulin activation, it 
may exert dual regulation of NOS; inhibition 
of basal activity yet augmentation of agonist- 
stimulated actions by virtue of bringing NOS in 
proximity with activating receptors. Western anal- 
ysis and electron microscopy revealed ~ 2 -fold in- 
crease in both caveolin-3 protein abundance and 
myocyte sarcolemmal caveolae, respectively [53]. 
Confocal imaging identified caveolin-3 localized 
to the sarcolemma and T-tubules and colocalized 
with NOS3 at these sites in HF myocytes. More- 
over, caveolin-3 abundance correlated with the 
augmentation of dobutamine contractility due to 
NOS inhibition in HF dogs. This increased ex- 
pression of caveolin-3 has the potential to pro- 
duce greater inhibition of NOS3 at baseline, while 



triggering more NO release after ^-adrenergic 
stimulation. 

Role of j3-3 Adrenoreceptors 
In the failing heart, /3i- and ^2 -adrenoceptors are 
either downregulated or desensitized [118]. In con- 
trast, the abundance of /Sa-adrenoceptors (^-AR) 
appears to increase in human heart failure [ 86 ]. 
In the normal heart, ^ 3 -AR participates in ni- 
tric oxide (NO)-mediated negative feedback con- 
trol over contractility within the sympathetic ner- 
vous system. Stimulation of ^ 3 -ARs with ; 33 -AR 
selective agonists produces negative inotropic ef- 
fect in human donor hearts through NO signal- 
ing [82,83,85], and ^ 3 -AR deficiency blocked NO- 
dependent inhibition of myocardial contractility in 
transgenic mice [ 88 ]. The ) 83 -AR is coupled selec- 
tively to NOS3 and not NOS 1 as predicted by sub- 
cellular localization ofthese isoforms as evidenced 
by loss of negative inotropic effects of ^3 agonists 
in NOS 3 “^~ but not NOSl“^“ mice [3]. 

As previously mentioned, in failing human 
hearts, 183 -AR abundance is increased, and the 
balance between opposing inotropic influences of 
/ 3 i-ARs and ^3-ARs is significantly altered, pro- 
viding a potential mechanism for progressive de- 
terioration in cardiac function. In a recent study 
in the failing canine heart, it has been shown 
that / 33 -ARs are, li ke in humans, upregulated and 
associated with enhanced y33-AR-mediated nega- 
tive modulation of myocyte contractile response 
and [Ca^''‘]i regulation [119]. Although this effect 
was found to be largely secondary to the effect 
of NO, other pathways may be involved because 
the myocyte response to ) 83 -AR activation was 
only partially inhibited by pretreatment of my- 
oc 3 hes with the non-selective NO synthase in- 
hibitor L-NAME. It has, therefore, been suggested 
that upregulated 83-ARs in CHF may exacerbate 
dysfunctional [Ca^+Ji homeostasis and regulation, 
causing greater inhibition of cardiac contraction 
and relaxation and worsening heart failure. Al- 
ternatively, NO released in the myocardium fol- 
lowing ^3 -adrenoceptor stimulation could enhance 
diastohc relaxation (thereby increasing diastolic 
reserve of the failing heart) and reduce oxygen 
consumption [60,110]. Future studies on the ef- 
fects of selective ^ 3 -AR antagonists and agonists 
are needed to determine what therapeutic role 
the modulation of this receptor may play in heart 
failure. 

Role of Phosphodiesterase (PDE5) Expression 
and Activity 

The impact of nitric oxide formation and release 
can be regulated via second messenger systems 
associated with the activation of soluble guany- 
lyl cyclase and the regulation of cGMP [80,120]. A 
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mechanism gaining attention is augmented cGMP 
s 3 mthesis. cGMP, which is produced by two iso- 
forms of guanylyl cyclase — a membrane-bound 
form (ANP/BNP receptors) and a cytosolic form ac- 
tivated by nitric oxide (NO) — enhances or opposes 
the action of cAMP in a concentration-dependent 
manner [120]. Evidence has accumulated that 
myocardial cGMP signahng increases in heart 
failure via both ANP/BNP and NO pathways, 
[120,121], and likely contributes to reduced 
adrenergic responsiveness. cGMP content is also 
regulated by catabohc enz 3 Tnes, yet little is known 
about their role in the heart. Various phospho- 
diesterases regulate cGMP catabolism, including 
PDE5A, PDE6, PDE9A, PDEIOA, and PDEllA 
[121] and their expression is often selective to spe- 
cific tissues. Although the peripheral and coro- 
nary vascular effects of the inhibition of PDE5A 
have been widely studied, relatively litde is known 
about the role of PDE5A in the regulation of 
cardiac function [121]. We have recently shown 
that PDE5A modulates systolic and diastolic P- 
adrenergic responsiveness in the intact in vivo 
heart [121]. In normal hearts, PDE5A inhibi- 
tion potently depressed dobutamine-stimulated 
inotropic and lusitropic responses consistent 
with the effect of NO to inhibit y3-adrenergic 
responses. 

This study also provided novel evidence for a 
reduced physiological effect from PDE5A inhibi- 
tion in failing hearts [121]. HE was accompanied 
by decreased protein expression and activity in to- 
tal heart extracts. Cardiac myocytes however had 
unchanged PDE5 but a loss of PDE5 protein distri- 
bution along the Z-band of the myocyte. Interest- 
ingly, PDE5 colocalizes with caveolin-3 providing 
additional evidence for the importance of protein- 
protein interactions between molecules of the NO 
signaling pathway. 

In terms of the functional impact of altered 
PDE5 distribution in HE, PDE5 inhibition failed 
to reduce )3-adrenergic responses in HE ani- 
mals. These findings represent another example 
whereby regulation of NO signahng is disrupted 
in HE; in this case cGMP degradation is reduced 
by loss of normal PDE5 activity and this in turn 
could enhance the abihty of NO-cGMP pathways 
to offset ^-adrenergic signaling in the failing heart 
[121]. 

Taken together the findings regarding 
caveohn-3, the 3-adrenoceptor and PDE5 
strongly support the concept of dismption of 
spatially confined NO signahng. In this context, 
changes in NOS abundance may be viewed as 
secondary to or a bystander phenomenon to 
dysregulation of a signahng pathway tighdy 
regulated by proteins that are spatially confined 
and linked to each other by protein-protein 
interactions. 



Role of Compartmentalization vs Diffusion 
in the Explanation of the Effects of NO 
on Myocardial Eunction 

Subcehular localization of nitric oxide (NO) S 3 m- 
thases with effector molecules is an important reg- 
ulatory mechanism for NO signahng [122,123]. In 
the heart, NO inhibits E-type channels but 
stimulates sarcoplasmic reticulum (SR) re- 
lease, leading to variable effects on myocardial 
contractility. We have shown that spatial con- 
finement of specific NO synthase isoforms reg- 
ulates this process and may explain the differ- 
ences observed in previous studies. Endothelial 
NO synthase (NOS3) localizes to caveolae, where 
compartmentalization with y3-adrenergic recep- 
tors and E-type Ca^+ channels allows NO to in- 
hibit )8-adrenergic-induced inotropy. Neuronal NO 
synthase (NOSl), however, is targeted to car- 
diac SR. NO stimulation of SR Ca^ release via 
the ryanodine receptor (RyR) in vitro suggests 
that NOSl has an opposite, facilitative effect on 
contractihty. Supporting this contention, NOSl- 
deficient mice have suppressed inotropic response, 
whereas NOS3-deficient mice have enhanced con- 
tractility, owing to corresponding changes in SR 
release. Thus, NOS 1 and NOS3 mediate in- 
dependent, and in some cases opposite, effects 
on cardiac structure and function. These find- 
ings are highly supportive of a paradigm for in- 
tracrine NO signing, whereby spatial confine- 
ment of different NO synthase isoforms allows 
NO signals to have independent, and even op- 
posite, effects on cardiac phenotype. As such, lo- 
cal regulation of effector molecules is a central 
mechanism by which NO exerts biological activ- 
ity. Thus it can be envisioned that NO provides 
exquisite fine-tuning of organ function by recruit- 
ing different downstream NO signahng pathways 
(for example, S-nitrosylation or cGMP produc- 
tion) within distinct microdomains of the same 
cell. 

A specific role for NO in myocardial energetics 
is also consistent with the model of spatial confine- 
ment. Indeed the mitochondria contains a specific 
NOS, alternatively described as either NOS3 or 
NOSl [124], and the possibility of a unique iso- 
form remains an active speculation. As discussed 
above both NO and free radical formation regulate 
mitochondrial function in intact heart energetics. 
SpatiaUy unique signaling phenomena offer an ex- 
planation for divergent effects of NO at mitochon- 
rial [10,11] vs. /3-adrenergic signahng levels [9,89] 
in HE. It is possible that the decrease in mito- 
chondrial respiration in heart failure is a result 
of increased reactive oxygen species such as super- 
oxide in the mitochondria that limit the utilization 
of NO for respiration [100]. 
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A model of spatial confinement of NO signal- 
ing must be reconciled with the high diffusibility 
of NO and the close proximity of endothelial cells 
to myocytes. The best rationalization is that al- 
though NO is highly diffusible it is also highly 
reactive with thiols, hemoproteins, and oxygen. 
Thus, organelles that are critically dependent on 
N O for optimal function (the SR and mitochondria 
in the heart) have local NOS sources. 

Cardiac Hypertrophy 

NO activity in the heart influences not only car- 
diac function but also its structure, exerting an 
anti-hypertrophic effect [125,126]. We have shown 
that both NOS isoforms found in the heart play 
protective roles in this regard. Both NOSl“''“ and 
NOS3-/- mice develop age-related hypertrophy, 
although only NOS3~'~ mice are hypertensive. 
NOSl/3~/“ double knockout mice have an addi- 
tive phenotype of marked ventricular remodeling 
[3]. The independent contributions of NO synthase 
isoforms to the maintenance of cardiac architec- 
ture has important implications for the patho- 
physiology of heart failure [3]. 

Summary 

Since its discovery, nitric oxide has been shown 
to play a critical role in the regulation of cardiac 
and vascular function. An understanding of the 
physiologic role and relative contribution of NOS 1 , 
NOS2, and NOS3 under normal conditions is im- 
perative in order to understand the mechanisms 
of the derangements of the NO signaling pathway 
with heart failure. In this review of the literature 
as it relates to the influence of NO on cardiac func- 
tion in normal and diseased states, it is clear that 
there is a very tight regulation of the molecule 
with regard to its formation and release as well 
as its cellular impact. A theory of spatial compart- 
mentalization of the NO pathway in the myocyte 
helps reconcile many controversies in the litera- 
ture regarding differences in the effects of NO in 
the heart and vasculature in heart failure. 
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Abstract. Strong evidence links cardiomyocyte loss to the 
pathology of some forms of heart failure. Both necrotic and 
apoptotic modes of cell death have heen invoked as the 
mechanism underlying progressive cardiomyocyte dropout. 
Nitric oxide (NO) has received particular attention as a 
candidate reactive oxygen intermediate that influences not 
only cardiac function, hut also cell death elicited by both 
apoptotic and necrotic mechanisms. NO is produced by res- 
ident cardiac cells under stress, and is produced in large 
quantities by activated immune cells that infiltrate the in- 
jured heart. A review of the literature, however, reveals that 
the actions of NO on apoptotic cell death are complex, espe- 
cially in the context of heart disease, and that the practical 
contribution of NO to cell death in heart disease is yet to 
be defined. 
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Introduction 

Progressive degeneration of left ventricular (LV) 
function is a characteristic of most forms of heart 
failure [1]. This steady dec li ne in LV function is 
characterized by increased LV chamber dilatation 
and the activation of neurohumoral mech a nisms 
that are persistently active. These phenomena are 
part of a compensatory process that maintains 
cardiac output in the short run [2-5]. However, 
if the underlying etiology of the heart’s reduced 
function is not remedied, these previously bene- 
ficial mechanisms may progress to end-stage dis- 
ease. How and why this progression occurs is a 
point of controversy and ongoing research. Stud- 
ies over the past decade have demonstrated that 
myocyte death and inadequate myocyte prolifera- 
tion occur in heart failure, leading to progressive 
LV dysfunction [6-9]. 

Cell Death and Heart Failure 

A number of studies document the continuous loss 
of myocytes in aging hearts apparently free of ob- 
vious cardiac disease [10], as well as in a num- 
ber of experimental animal and human cardiac 



pathologies, including models of cardiac overload 
[11], pacing [12], infarction, and reperfusion in- 
jury [12], and in human myocardial infarction 
[13,14], myocarditis [15], and end-stage heart fail- 
ure [ 10,16]. A review of the hterature uncovers two 
particularly pertinent issues: 1) which type of cell 
death — apoptotic or necrotic — predominates and is 
of most relevance in each cardiac pathology, and 2) 
to what extent does the loss of myocytes contribute 
to progressive ventricular remodeling"? The reader 
is directed elsewhere for a more comprehensive 
discussion of these issues [6,8,9,17]. 

The relative contribution of apoptotic vs. 
necrotic cell death to total myocyte loss in various 
cardiac pathologies cannot, as yet, be quantitated 
with certainty. This is due in part to the li mi tations 
of current assays that measure apoptosis as op- 
posed to cells undergoing necrotic cell death, DNA 
repair, replication, and phagocytic eli mi nation of 
apoptotic bodies [18-22]. Also, not knowing the ki- 
netics myocyte cell death in vivo precludes calcula- 
tions of average rates of cell death over longer peri- 
ods of time (e.g., years). The use of several distinct 
measures of cell death combined with innovation 
in bioche mi cal methods will reduce technical er- 
ror and improve estimates of cell death in heart 
failure [8,23]. Knowing which type of cell death is 
triggered in a given cardiac pathology is more than 
of passing interest because programmed, apop- 
totic cell death may be more amenable to inter- 
vention than necrotic cell death [24,25]. Thus, 
idiopathic or dilated cardiomyopathy may bene- 
fit more from an intervention that reduces rates 
of apoptotic cell death than in cases of myocar- 
dial infarction, where myocyte necrosis is typically 
thought to exceed myocyte apoptosis. Of note, vari- 
able rates of myocyte apoptosis have now been 
documented in cases of myocardial infarction and 
ischemia/reperfusion injury [24,25], thus raising 
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questions about the predominance of necrosis in 
these pathologies. 

Results from several murine models clearly 
show that a rapid loss of myocytes can ehcit heart 
failure and death. The IL6 family of receptors 
transduce cell survival signals, and IL6 is in- 
creased following cardiac injury [26,27]. Hirota 
et al. [26] created a cardiac-specific knockout for 
gpl30, the common subunit of the IL6 receptor 
family. In a pressure overload model of heart fail- 
ure, a staggering 34% of cardiocytes were engaged 
in apoptosis, and over 90% of the animals rapidly 
died. Directly activating pro-apoptotic pathways 
by overexpressing caspase 8 in the heart using 
transgenic methods also resulted in cardiocyte 
apoptosis sufficient to cause rapid death of the ani- 
mal [28]. Lastly, cardiac-specific overexpression of 
the GTP-binding protein Gsa, a model that simu- 
lates enhanced )8-adrenergic activity in heart fail- 
ure, resulted in cardiomyopathy in aging mice that 
was associated with greater degrees of baseline 
and isoproterenol-stimulated cardiomyocyte apop- 
tosis [29]. Thus, dropout of a sufficient number of 
apoptotic myocytes indeed can cause experimental 
LV dysfunction. Whether current estimates of cell 
death in human cardiomyopathies are sufficient to 
impact LV dysfunction in human disease remains 
unproven, although it is likely that apoptosis plays 
a role in human heart failure. 



Nitric Oxide and Cell Death 

Nitric oxide is a reactive free radical gas and thus, 
in sufficient quantities, can be directly cytotoxic. 
In activated macrophages for example, NO is an 
important cytotoxic molecule that, as part of in- 
nate immunity, suppresses growth of pathogens 
as well as decreasing the rate of tumor growth in 
some models [30,31]. The cytotoxicity of NO and 
its reactive oxidant peroxynitrite is accomphshed 
through mechanisms linked to a necrotic-type of 
cell death, including inhibition of DNA synthesis, 
decreased mitochondrial respiration, and aconi- 
tase activity [32-35]. In addition, Albina et al. 
[36] have demonstrated a link between NO pro- 
duction and apoptosis, also in macrophages. Thus, 
NO has the potential to affect both necrotic and 
apoptotic cell death. All three isoforms of the NO 
synthase (NOS) are responsible for producing NO 
from L-arginine and oxygen. Expression of the 
NOS isoforms in the heart is the focus of accom- 
panying reviews by Dr. Drexler and Dr. Duncan. 
It is reasonable to suggest that NO produced by 
Type II NOS (inducible NOS or ‘iNOS’) is prob- 
ably involved in directly causing cell death un- 
der pathological situations. As evidence of this 
suggestion, iNOS is expressed in a spectrum of 
cardiac diseases, but not in normal hearts free 



from disease [37^40]. Also, the amounts of NO 
produced by iNOS far exceed that produced by 
endothelial-type I NOS (eNOS), thus increasing 
the l ik elihood of achieving levels of NO that yield 
peroxynitrite, protein nifrosylation, and cytotoxic- 
ity. Indeed, the earhest studies linking NO to my- 
ocyte death in vitro and in vivo identified iNOS 
as the likely source of increased NO production 
[41,42]. Since these studies were published, the 
relation between NO, cell death, and apoptosis 
has become increasingly complex, as the following 
discussion will demonstrate. 

Pleiotropic Effects of NO and Regulation 
of Cell Death: In Vitro Studies 

A large number of in vitro studies ascribe pro- 
apoptotic and anti-apoptotic effects to NO in dif- 
ferent cell types. An overview of the pleiotropic 
effects of NO on cell death is depicted in Figure 1. 
These pathways are described below, followed by 
a discussion of results derived specifically from 
cardiomyocytes cultured in vitro. 

Induction of Apoptosis by NO 

(I) DNA Damage. NO can block the supply of 
deoxyribonucleotides by inhibiting ribonucleotide 
reductase in tumor cell hues, thus reducing DNA 



Necrosis 




Fig. 1. Schematic representing the pleiotropic effects of nitric 
oxide on mechanisms of cell death. See text for details. 
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synthesis [43]. NO and its reactive oxidant, per- 
oxynitrite, can also induce DNA strand break- 
age directly in vascular smooth muscle cells 
and macrophages [43,44]. Damage to DNA trig- 
gers secondary effects including upregulation of 
the tumor suppressor p53 [45] and activation of 
the DNA repair enzyme polyadenosine diphos- 
phate ribosyl synthetase (PARS) [44]. This energy- 
consuming repair mechanism may eventually lead 
to apoptotic ceU breakdown. 

(2) Activation of Mitochondrial Pro- 
Apoptotic Pathways. An important pro- 
apoptotic pathway in most ceU types involves 
the release of critical mitochondrial molecules. 
Of particular importance is the mitochondrial 
loss of cytochrome C. NO and peroxynitrite are 
reported to provoke release of cytochrome C from 
the mitochondria to the cytosol by opening of the 
mitochondrial permeability transition pore (PTP) 
[32,33,46]. Following release into the cytosol, 
cytochrome C can bind to Apaf-1 that, in turn, 
activates a caspase 9-dependent apoptotic signal- 
ing cascade [47,48]. Activation of caspases leads 
to a lethal breakdown of cellular target proteins 
and cell death [23,47,48]. Additionally, NO can 
indirectly increase production of superoxide and 
hydroxyl radical by competing with molecular 
oxygen for binding sites on cytochrome C oxidase 
in mitochondria isolated from rat hearts [49]. 
Thus, NO can impair mitochondrial respiration 
and reduce ATP synthesis [33] that can lead to 
apoptotic and necrotic ceU death, depending on 
the extent of ATP depletion [89]. 

(3) Increase in the Tumor Suppressor Gene 
p53. p53 is a transcriptional transactivator pro- 
tein involved in the induction of apoptosis and reg- 
ulation of the cell cycle in a variety of cells that 
have sustained DNA damage. NO can increase 
the expression of p53 in various ceU types, in- 
cluding cardiac myocytes [45,50,51], presumably 
through peroxynitrite production and DNA strand 
breakage. Induction of p53 may increase apop- 
tosis by suppressing anti-apoptotic proteins like 
Bcl-xl and by increasing levels of pro-apoptotic 
proteins like Bax. That p53 may be an important 
mediator of NO-induced apoptosis was suggested 
by the anti-apoptotic effect of antisense oligonu- 
cleotides to p53 in ceUs exposed to NO. However, 
NO is still capable of inducing apoptosis in cell 
lines defective ofp53 production [45], thus ques- 
tioning the relevance of this pro-apoptotic path- 
way for NO-induced cell death. Intriguingly, p53 
downregulates transcription of cNOS through a 
p53 binding site in the cNOS promoter. It has 
been suggested that the transcriptional regula- 
tion of cNOS represents a feedback mechanism 



to prevent overexpression of pro-apoptotic NO 
[52]. 

(4) Activation of Mitogen Activated Protein 
Kinases (MAPK). Nitric oxide can activate the 
mitogen activated protein kinase family, including 
JNK/SAPK (c-JUN N-terminal kinases/stress- 
activated protein kinases) and ERK (extracellu- 
lar signal-regulated kinases), which have been 
linked to activation of caspase-3 [53]. Whether 
activation of these kinases promote or inhibit NO- 
induced ceU death is unclear. Suppressing the ac- 
tivity of JNK/SAPK and ERK proteins can re- 
duce the amount of NO-induced apoptotic cell 
death [54,55]. Conversely, other experiments sug- 
gest that increasing the activity of JNK/SAPK 
and ERK proteins protects cells from NO-induced 
apoptotic ceU death [56] (see below). 

(5) cGMP and Ceramide. NO increases cGMP 
production through a high affinity interaction 
with the heme moeity of cytosolic guanylyl cyclase 
[57,58]. Some reports have implicated cGMP as 
mediating NO-induced apoptotic ceU death [59], 
whereas other studies excluded this pathway [60]. 
Thus, cGMP’s role in NO-induced ceU death has 
not yet been clarified. It should be noted, however, 
that cGMP is not required for NO to interact with 
and alter mitochondrial enzymes required for gen- 
erating ATP, or for the release of cytochrome C 
from mitochondria [61,62]. NO can also increase 
cellular ceramide levels by induction of a neu- 
tral sphingomyelinase activity and inhibition of 
ceramidase activities [63,64]. Ceramide formation 
can then trigger several pro-apoptotic pathways, 
including the release of mitochondrial cytochrome 
C, caspase activation, and the suppression of Bcl-2 
[65]. 

Inhibition of Apoptosis by NO 
Nitric oxide can also exert anh-apoptotic effects in 
different ceU types including hepatocytes [66], car- 
diac myocytes [67], and vascular endothelial ceUs 
[68]. Several mechanisms have been described. 

(I) Inhibition of Caspases. NO is reported to 
suppress apoptosis by interrupting caspase acti- 
vation [66,69,70]. Caspases harbor a reactive cys- 
teine residue at the catalytic core that is required 
for proteolytic activity. NO is capable of inactivat- 
ing at least 7 distinct caspases by S-nitrosylation 
of this cysteine residue [69]. Among these, inac- 
tivation of caspase-8 and caspase-3, which repre- 
sent the upstream and downstream components of 
the apoptotic caspase cascade, is suggested to un- 
derhe NO-induced anti-apoptotic effects in some 
cell types [66,69-71]. 




96 Oyama et al. 



(2) Regulation of Anti-Apoptosis Related 
Genes. NO can induce several anti-apoptotic 
genes including proteins of the cytoprotective Bcl- 
2 family [72]. Also, NO-induced inhibition of TNF 
(tumor necrosis factor) or actinomycin-induced 
apoptosis is suggested to occur through increased 
expression of heat shock protein 70 [73]. 

(3) NO as a Scavenger of Radical Species. 
There is also evidence from mesencephalic 
cells that nitric oxide may suppress superox- 
ide/hydrogen peroxide-mediated cytotoxicity by 
acting as a scavenger of reactive oxygen species 
[74]. 

NO, Cell Death, and Cardiomyocytes In Vitro 
A distinct separation between NO’s pro- and anti- 
apoptotic effects is apparent from in vitro stud- 
ies of cardiomyocytes in culture and from isolated 
perfused hearts. Application of exogenous NO in 
the form of NO donors to neonatal or adult rat 
myocytes reliably leads to rapid apoptotic and, 
depending on NO-donor concentration, necrotic 
cell death [51,75]. More importantly, endogenous 
production of NO by the NO synthases also pro- 
motes cardiomyocyte cell death. Elevated levels 
of cytokines are a hallmark feature of cardiac 
injury, heart failure, and myocarditis. Combi- 
nations of some of these cytokines, particularly 
TNFa, ILl^, and IFNy, can kill myocytes and 
vascular cells in vitro with delayed kinetics of 
48-72 hours [60,76,77]. Expression of iNOS re- 
sults in copious NO production in a time course 
shorter than cytokine-induced apoptotic events 
[76]. Indeed, arginine-analog inhibitors of iNOS 
limit cytokine-induced NO production and cell 
death, thus identifying NO production as the 
mechanism that mediates cytokine-induced apop- 
tosis of cardiomyocytes, at least in vitro [60,76,77]. 

The mechanism of NO-induced myocyte apop- 
tosis remains unclear. Rabkin et al. [75] suggests 
that sodium nitroprusside kills cardiomyocytes in- 
directly through production of hydrogen peroxide, 
a well-known pro-apoptotic oxidant in myocytes 
[48]. Some investigators provide evidence that 
NO promotes myocyte death through a cGMP- 
dependent mechanism, other studies find no such 
evidence. As mentioned above, NO can activate 
JNK/SAPK and MAPK, and this effect occurs in 
cultured myocytes. However, blocking activation 
of these kinases inhibited NO-induced apopto- 
sis in one study [55], but increased NO-induced 
apoptosis in another [56]. This discrepancy may 
lie in the pharmacological versus molecular tech- 
niques each group utilized for inhibiting the ki- 
nases. Nonetheless, the role of JNK/SAPK and 
MAPK in NO-induced apoptosis of cardiomyocytes 
remains unclear. It is worth highlighting that 



many studies using cardiomyocytes in vitro report 
that inhibiting caspases also prevents NO-induced 
apoptosis [56,59,76,78]. Identifying the critical 
caspases inactivated by the broad-spectrum cas- 
pase inhibitors would be a logical next step in elu- 
cidating the mechanism of NO-induced apoptosis 
of cardiomyocytes. 

Evidence of NO Regulating Death 
Pathways in Heart Failure: Ex Vivo 
and In Vivo Studies 

Direct evidence that NO production in vivo is suf- 
ficient to elicit myocardial cell death was provided 
by a study by Kawaguchi et al. [79], wherein Type 
III NOS (eNOS) was transfected into rat hearts by 
use of inactivated Sendai virus-coated liposomes. 
Increased production of NO caused extensive my- 
ocardial degeneration, marked by cell shrinkage 
and histochemical evidence of DNA strand break- 
age consistent with an apoptotic-type cell death 
[79]. It was suggested in this study that the re- 
ported morphological changes to the myocardium 
are similar to changes seen in acute myocarditis 
and ischemic injury. It is likely, however, that the 
pattern, time course, and extent of NO production 
in these latter pathologies differ from NO produc- 
tion in eNOS -transfected hearts. Thus, this study 
clearly showed that sufficient NO production from 
a NOS is capable of eliciting myocardial damage 
and cell death, but the connection between en- 
dogenous NO production and cell death in the 
pathologies mentioned above remains tenuous. 

Ischemia/Reperfusion Injury 
A cytoprotective role for NO has been found 
in whole-animal models of myocardial is- 
chemia/reperfusion (I/R) injury [80]. Several 
investigators have performed experiments with 
1/R injury ex vivo in isolated perfused hearts, and 
have suggested that reduced apoptotic cell death 
may underlie at least part of NO’s protective 
effect. Weiland et al. [78] reported that perfusing 
hearts with the NOS inhibitor N^-mono-methyl- 
L-arginine (L-NMMA) increased the amount of 
apoptotic cell death that occurred following a 
round of ischemia/reperfusion. Exacerbation of 
apoptosis by L-NMMA coincided with increased 
activation of caspase-3 and no change in the 
level of the cytoprotective factor Bcl-2. Similar 
results using NOS inhibitors were reported by 
Czarnowska et al. [81] using isolated guinea pig 
hearts. Studies with cardiomyocytes in culture 
suggest that the NO’s cytoprotective effect in 
ischemia/reperfusion induced cell death is due 
to modest depolarization and reduced calcium 
loading of myocardial mitochondria during the 
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ischemic phase [82]. Thus, ex vivo studies sug- 
gest that mechanisms innate to the heart (i.e., 
independent of circulating factors) are largely 
responsible for the cytoprotective role of NO in 
I/R injury in vivo. It bears stressing that these ex- 
periments likely identify the eNOS as the source 
of cytoprotective NO, because iNOS would not be 
present in the experimental models employed in 
these studies. 

Heart Transplantation 

An intriguing role for NO and regulation of apop- 
tosis is now appreciated in the pathology of re- 
jection in heart transplantation: Szabolcs et al. 
[42] first reported on a paraUehsm between the 
time, extent of iNOS expression, and degree of 
apoptosis of cardiac muscle cells in a heterotopic 
heart transplantation model in rats. Using ge- 
netic mouse models, Koglin et al. [83] reported 
that iNOS knockout mice were less able to acutely 
reject a transplanted heart than iNOS sufficient 
recipients. Interestingly, greater graft rejection 
was noted in iNOS knockout recipients at longer 
time points (>55 days). Koghn et al. [84] later 
showed that less myocyte apoptosis occurred in 
hearts exhibiting less transplantation rejection in 
iNOS knockout recipients. Less acute transplan- 
tation rejection in iNOS knockout recipients was 
also reported by Szabolcs et al. [85]. However, in 
the latter study, protection against acute rejec- 
tion was observed only with donor hearts from 
iNOS knockout mice. Despite this discrepancy, a 
case can thus be made that NO produced from 
iNOS, be it from infiltrating immune cells or my- 
ocardial cells, promotes tissue damage and apop- 
totic cell death during acute rejection of the trans- 
planted heart. During chronic rejection, NO limits 
cell death, perhaps in part by limiting the extent 
of infiltration by inflammatory cells, and appears 
to be cytoprotective. 

Myocardial Infarction 

Recent studies have linked NO, apoptosis, and 
chronic cardiac remodeling in vivo. Indeed, three 
studies examined eNOS and iNOS knockout mice 
in an infarction model of chronic heart failure. 
eNOS KO mice developed greater left ventric- 
ular end diastolic dimensions and lower frac- 
tional shortening 28 days post-myocardial infarc- 
tion among animals with equal infarct sizes and 
equal blood pressures. Mortality in eNOS KO 
mice was also significantly higher [86]. Unfortu- 
nately, cell loss by apoptosis or by other means 
was not measured in this study. Nonetheless, this 
data suggest a protective role for eNOS, and sup- 
ports results from isolated perfused hearts sub- 
jected to ischemia/reperfusion injury [78,81,82]. 
In contrast, increased iNOS activity appears to 



be detrimental: iNOS KO mice show higher basal 
left ventricular +dP/dt and increased response to 
dobutamine 30 days following myocardial infarc- 
tion [87]. A second study noted higher survival 
rates and higher peak left ventricular developed 
pressure 4 months after myocardial infarction in 
iNOS KO mice when compared to wild type ani- 
mals [88]. These early studies document that NO 
from iNOS contributes to an increase in apoptosis 
following myocardial infarction, but thus far only 
an association is noted between reduced survival, 
depressed hemodynamic function, and apoptosis. 

Summary 

The actions of NO on apoptotic cell death are com- 
plex, especially in the context of heart disease. 
NO acts not through a single specific receptor, but 
rather through a number of different molecules 
that serve as potential targets for oxidative modi- 
fication. NO influences cell death ehcited by both 
apoptotic and necrotic mechanisms. Results from 
in vitro and in vivo studies suggest that in large 
part, the net effect of NO on cell death depends 
on the amount of NO produced. In the heart, this 
is dictated by many variables, including the type 
of NOS responsible for producing NO, the pre- 
vailing redox state, the oxygen tension in the mi- 
croenvironment, and the extent of NO production 
over time. The reports discussed above provide 
evidence for an important link between NO, cell 
death, and some forms of heart failure. The degree 
to which NO-dependent cell death contributes to 
cardiac disease, however, is a key question that 
remains thus far unanswered. 
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Abstract. Heart failure has been characterized by a reduc- 
tion in cardiac contractile function resultii^ in reduced car- 
diac output. The clinical symptoms including mild tachycar- 
dia, reduced arterial pressure, increased venous or lillir^ 
pressure and exercise intolerance have conceptually, to a 
large degree, been attributed to cardiac myocyte dysfunc- 
tion. More recently, a vascular component has been recog- 
nized to contribute to heart failure. Among the most studied 
vascular mechanisms that might contribute to the develop- 
ment of heart failure has been the reduced production of ni- 
tric oxide or the reduced bioactivity of NO associated with 
both basic models of heart failure and disease in patients. 
The still evolving concept that heart failure is a cytokine 
activated state has, in addition, focused attention on the 
possibility that the cytokine driven isoform of NO synthase 
(NOS), iNOS, may produce sufficient quantities of NO to 
actually suppress caixliac myocyte function contributing to 
the reduced inotropic state in the failing heart. Thus, our 
view of the role of NO in the development of heart fail- 
ure has evolved from simply a reduction in production of 
NO in blood vessels, to altered substrate availability (i.e. 
L-arginine), to increased scavenging of NO by superoxide 
urtion, to increased production of NO from iNOS. As these 
concepts develop, our approach to the therapeutics of heart 
failure has also progressed with the recognition of the need 
to develop treatments directed towards addressing one or 
more of these etiologies. This review will focus on these 
aspects of the involvement of NO in the development of 
heart failure and some of the treatments that have devel- 
oped from our rmderstandirg of the basic biology of NO to 
address these pathohysiologic states. 

Key Words, nitric oxide, eNOS, iNOS, downregulation, 
L-argjnine, oxygen radicals, cAMP 



Introduction 

Despite impressive progress in the medical treat- 
ment of chronic heart failure over the last 
decades, the mortality rate remains high, the 
quality of life impaired and its prevalence in- 
creasing [1]. Advances in research have intro- 
duced a different pathophysiological concept of 
the disease, recognizing chronic heart failure as 
a systemic rather than only a cardiac disorder 
involving hemodynamic, neurohumoral and pe- 
ripheral vascular derangements. Enhanced pe- 



ripheral vasoconstriction in response to exercise 
and impaired vasodilatation after stimulation 
with agonists are key features of endothelial 
dysfunction in CHE [2-4]. The disruption of 
endothelial cell function has been attributed to ac- 
tivation of the sympathetic nervous system [5], the 
renin- angiotensin system [6], and the pituitary- 
vasopressin axis [6]. 

Considerable attention has been focused on the 
endothelium itself, revealing a major role in the 
regulation of vascular tone [7,8]. Among other fac- 
tors, endothelial cells regulate blood vessel diame- 
ter via the release of nitric oxide (NO) in response 
to stimulation with agonists, li ke acetylcholine or 
bradykinin [9,10] and mechanical stimuli such as 
changes in blood flow velocity or endothelial shear 
stress [11], leading to a relaxation of the vascular 
smooth muscle [7-1 1] . Three different isoforms of 
the nitric oxide synthase (NOS) are capable of pro- 
ducing NO: nNOS (type 1 isoform, [NOSl]), iNOS 
(type 2 isoform [NOS2]) and eNOS (type 3 iso- 
form [NOS3]). eNOS is constitutively expressed 
in endothelial cells [12], endocardial cells [13], 
and perhaps cardiomyocytes [13], whereas nNOS 
was found in nerve endings that release nore- 
pinephrine [14]. Inresponse to inflammation, par- 
ticularly in end stage heart failure [15-17], iNOS 
is expressed and generates large amounts of ni- 
tric oxide independent of agonist-stimulation and 
calcium [18]. However, eNOS-derived NO is the 
predominant regulator of vascular tone and the 
importance of nNOS- and iNOS-derived NO seems 
to be negligible [7-11]. 

Downregulation of eNOS as a Contributor 
to Heart Failure 

Early studies in animals by Eisner et al. and 
by Kaiser et al. indicated that inhibition of NO 
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synthase using L-NAME had no effect on arterial 
pressure, cardiac function or peripheral resistance 
in dogs with heart failure [19,20]. In contrast, 
profound hemodynamic effects after inhibtion of 
NO synthesis are seen in all animals [21] in- 
cluding man. More systematic studies indicated 
that pacing induced dilated cardiac myopathy 
and heart failure was associated with normal or 
increased NO production early during the devel- 
opment of heart failure, but a reduction in NO dur- 
ing cardiac decompensation [22-24]. For instance, 
Hintze et al. showed that flow and agonist induced 
large epicardial artery dilation was normal up to 
three weeks of pacing, i.e. compensated function- a 
time when LV end diastolic pressure increased to 
18 mmHg, and that after that, flow and agonist 
induced NO dependent dilation decreased [22]. 
Other studies by Zhao et al. and Shen et al. indi- 
cated that reflex cholinergic -NO mediated falls in 
coronary vascular resistance were also markedly 
attenuated after cardiac decompensation [25,26]. 
Isolated coronary microvessels produced less ni- 
trite, the hydration product of NO, in vitro after 
cardiac decompensation [27]. Shear-induced dila- 
tion of single perfused coronary arterioles from 
dogs with pacing-induced decompensated heart 
failure was altered such that tremendous levels 
of shear were needed to cause minimal increases 
in coronary arteriolar diameter [28]. 

Blood flow in the heart is critically depen- 
dent upon cardiac metabolic demand and sub- 
strate utilization because of the tight coupling of 
metabolism to the control of vascular resistance. 
Thus, during studies of alterations in the control 
of the coronary circulation by NO in heart failure, 
Recchia et al. also determined the impact of re- 
duced NO production on cardiac metabolism [29]. 
Recchia et al. found that during cardiac decom- 
pensation there was a reduced production of NOx 
(nitrate and nitrite) across the heart at the time 
of cardiac decompensation [29]. From these stud- 
ies, two important concepts have emerged: first 
that reduced NO production is associated with in- 
creased myocardial oxygen consumption and sec- 
ond that reduced NO production is associated with 
a shift in substrate use from fatty acids to glu- 
cose in the heart. More recent studies in the mouse 
heart [30] and in the dog heart [31] confirm these 
concepts and support the conclusion that NO pro- 
duction from eNOS is reduced in heart failure. 
The mechanism for the reduced NO production in 
these models of heart failure was originally shown 
by Smith et al. to be due to reduced mRNA and pro- 
tein for eNOS in aortic endothelial cells [32]. More 
recently, Zhang and Hintze have shown a reduced 
protein for eNOS in microvessels harvested from 
dogs with decompensated heart failure [33]. In 
contrast, Wang et al., Bernstein et al., Zhao et al. 
and Sessa et al., respectively, have shown that 



exercise training results in increased large coro- 
nary artery dilation [34], NO production across 
the heart [35], increased NO dependent coronary 
dilation [36] and increased aortic endothelial cell 
eNOS mRNA and protein [37]; the exact opposite 
of heart failure. 

Consequences of the Reduced Coronary 
eNOS Protein for the Treatment 
of Heart Failure 

If the reduction in eNOS enzyme contributes to 
the development of cardiac decompensation, then 
therapies designed to restore eNOS activity and 
NO production should be effective, at least in part, 
in the treatment of heart failure. Figure 1 shows 
a schematic approach to some of these therapies. 
In a recent study in humans using ACE inhibitors 
(the HOPE trial) indicates ACE inhibition results 
in reduced all cause mortality in patients with 
heart disease [38]. ACE inhibitors were originally 
developed as bradykinin potentiating substances, 
not angiotensin converting enzyme inhibitors, al- 
though it was later realized that ACE and kini- 
nase I are the same enzyme. Thus by blocking the 




Fig. 1. This figure shows a conceptual diagram of the 
potential therapeutic methods for stimulating NO production. 
NO is formed from the metabolism of L-arginine by eNOS. 
ENOS is stimulated by the bradykinin 2 receptor (BK2). ACE 
inhibitors increase local bradykinin levels or the half life of 
bradykinin by blocking kinin metabolism. Amlodipine, an 
L-type calcium channel blocking agent stimulates the 
formation of kinins locally to also activate the BK2 receptor. 
Statins, through a Rho kininase-dependent mechanism may 
increase or preserve eNOS protein. Finally, through a 
PKB-related mechanism, cAMP can phosporylate eNOS 
leading to its activation and enhanced NO production. Each 
of these individual mechanisms may increase NO production 
when eNOS is low; perhaps a combination of these therapeutic 
modalities would be even more effective. 
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breakdown of kinins that through the B2 kinin re- 
ceptor stimulate NO production, NO production 
should increase. Indeed, Zhang et al. have shown 
that ACE inhibitors can increase the production 
of nitrite from coronary microvessels from dogs 
with pacing induced heart failure [39] and Kichuk 
et al. have shown similar effects in coronary mi- 
crovessels from explanted failing human heart 
[40]. Interestingly, a L- type calcium channel block- 
ing agent, amlodipine, seems to selectively in- 
crease NO production from coronary microvessels 
from the failing heart through a kinin dependent 
mechanism, although a mechanism different from 
ACE inhibition i.e. stimulation of kinin formation 
[41,42]. 

Data from Eaufs et al. indicates that statins 
may increase the mRNA for eNOS and hence the 
protein [43]. Recently we have found that dogs 
or rats treated with statins have increased bio- 
activity of NO, NO production and eNOS protein 
[44,45]. Preliminary data also indicate that treat- 
ment of dogs with chronic left ventricular pacing 
with statins delays the onset of decompensated 
heart failure, preserves NO production by coro- 
nary microvessels, and preserves eNOS protein 
[46]. Thus, statins may also have a beneficial ef- 
fect in the treatment of heart failure by main- 
taining NO production from eNOS. EinaUy, Eulton 
et al. [47] and Dimmler et al. [48] have found that 
phosporylation of eNOS can increase the activity 
of the enzyme, in fact it is necessary for any activ- 
ity of the enzyme at all. This increase in activity 
can be stimulated by drugs which activate adenyl 
cyclase through a PKB dependent mechanism 
[33]. In coronary micro vessels from dogs with 
pacing-induced heart failure there is a reduction 
in eNOS protein, however, increasing the phospho- 
rylation of the downregulated eNOS can restore 
NO production [33]. Thus in the future, and per- 
haps as part of the mechanism of action of some 
new beta blockers, increasing the phosporylation 
of eNOS may be beneficial in the treatment of 
heart failure. 




Ftg. 2. In a normal endothelial cell (EC), nitric oxide (NO) is 
produced by conversion of L-arginine to L-citrulline. This 
reaction is mediated by the endothelial isoform of the NO 
synthase (eNOS) in the presence of the cofactor 
tetrahydrobiopterin (BH^) in response to agonist stimulation 
or shear stress. NO diffuses to the vascular smooth muscle cell 
(SM) and stimulates guanylate cyclase (IGz) to convert 
guanosine triphosphate (GTP) into cyclic guanosine 
monophosphate (cGMP). This leads to a reduction in 
intracellular calcium (Ca^*), culminating in vasorelaxation. 
In patients with chronic heart failure (CHF), bioavailability of 
L-arginine in endothelial cells might be reduced, resulting in 
a impaired NO production. This is further aggravated by the 
reduced eNOS protein expression, the deficiency in BH 4 and 
the blockade of eNOS activity by asymmetric dimethyl 
arginine (ADMA). Large parts of the remaining NO may react 
with free oxygen radicals (O 2 ) produced in elevated 
concentrations by xanthine oxidase, NAD(P)H oxidases and 
mitochondrial enzymes forming peroxynitrite (ONOO~). 
Consequently, the decrease in bioavailable NO leads to an 
impaired vasorelaxation. Interventions aimed to correct these 
derangements, like L-arginine or BH^ administration 
replenishing intracellular pools, exercise training that 
increases eNOS protein expression, allopurinol that blocks XO 
activity thereby decreasing oxidative stress, or vitamin C that 
scavenges free radical and improves BH4-binding to eNOS, 
may partially restore endothelial function in patients with 
CHF. 



Chronic Heart Failure and L-Arginine 

NO is synthesized from E-arginine, a semi- 
essential amino acid, by oxidation of its terminal 
guanidino nitrogen in the presence of the co- 
factor tetrahydrobiopterin, flavin mononucleotide 
and flavin adenine dinucleotide (Eig. 2 [49]). In 
vitro studies suggest, that E-arginine is not the 
rate limiting step for NO production, at least in 
healthy subjects. The KmforNOS was found to be 
in the range between 1-5 /rmol/l, whereas the in- 
tracellular concentration of E-arginine normally 
reaches the milhmolar range (0.8-2.0 mmol/E) 
and theoretically should saturate eNOS. However, 



numerous studies have shown an improvement 
of endothelial function after oral E-arginine ad- 
ministration indicating that experimental kinet- 
ics of NOS might differ from in vivo, especially 
in patients with chronic heart failure. Hirooka et 
al. were the first to demonstrate that E-arginine 
significantly augments the maximal vasodilatory 
response to acetylcholine and the decrease in fore- 
arm vascular resistance during reactive hyper- 
emia in patients with chronic heart failure [50]. 
The therapeutic properties of E-arginine were 
not restricted to the forearm circulation, since E- 
arginine infusion also increased cardiac output 
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[51] , enhanced lower limb vasodilatory reserve 

[52] , and had beneficial effects on glomemlar fil- 
tration rate [53]. Rector and co-workers found 
that oral L-arginine over a period of 6 weeks in- 
creases blood flow during exercise, improves arte- 
rial compliance and functional status of patients. 
Furthermore, circulating levels of the endoge- 
nous vasoconstrictor endothelin dropped dur- 
ing L-arginine administration [54]. In another 
clinical trial involving patients with CHF, the 
improvement in endothelium-dependent vasodi- 
latation of the radial artery after 4 weeks of 
oral L-arginine supplementation was compara- 
ble to that after 4 weeks of local hand grip ex- 
ercise training (a method to upregulate eNOS), 
but the combination of these interventions ex- 
erted additive effects on endothelial function [55]. 
In contrast, Chin-Dusting et al. failed to demon- 
strate any favorable effect of L-arginine on en- 
dothelial dysfunction in patients suffering from 
CHF. This might be explained by the fact that 
patients in each study may have different sever- 
ies of heart failure, however, the administration 
of L-arginine in the water-soluble syrup in the 
latter study raised concerns due to the un kn own 
bioavailability [56]. 

Numerous reasons may account for the im- 
provement of endothelial function in response to 
L-arginine therapy. First, chronic heart failure is 
also associated with increased oxidative stress. In 
this regard, highly reactive oxygen species were 
proposed to impair endothelial function by scav- 
enging NO thereby reducing the NO bioavail- 
abihty and reacting with lipoproteins. Oxidized 
lipoproteins may alter the affinity of L-arginine 
for eNOS. Despite the absence of L-arginine eNOS 
transfers electrons to oxygen thereby producing 
oxygen radicals. A further stimulation of eNOS by 
agonists li ke acetylchohne might unmask the in- 
tracellular L-arginine deficiency [57,58]. Second, 
the absence of continuous physiological stimuli 
like shear or agonists in an endothelial cell cul- 
ture might reflect one reason why the Km for 
L-arginine is much higher in vivo than in vitro 
[59]. Third, the intracellular compartimentaliza- 
tion of L-arginine in microdomains with lower 
L-arginine concentrations in direct vicinity to 
eNOS has been proposed as a mechanism for 
an impaired eNOS activity [60]. Fourth, elevated 
plasma levels of asymmetric dimethylarginine 
(ADM A), an endogenous competitive eNOS in- 
hibitor, were found in patients with chronic heart 
failure and proposed to be responsible for en- 
dothelial dysfunction [61]. However, the inhibitory 
effects of ADMA on endothelium-dependent va- 
sodilatation could be reversed at least in part by 
L-arginine in other experimental settings [62]. 
Fifth, the expression of the cationic amino acid 
precursor (CAT-1) that ensures the uptake of 



L-arginine, the substrate of eNOS, into endothe- 
lial cells was found to be reduced by 80% in pa- 
tients with chronic heart failure. The impaired ex- 
pression of CAT-1 was accompanied by a reduced 
forearm clearance of L-arginine and endothelial 
dysfunction underlining the pathophysiological 
importance. Given the fact that the L-arginine 
plasma concentration is far below the saturation of 
the CAT transporter, and therefore an increase in 
L-arginine concentrations either by intravenous 
infusion or by an oral administration should re- 
sult in an enhanced L-arginine transport into 
endothelial cells and partially overcome the re- 
duced expression of the transporter [63]. Sixth, 
L-arginine was shown to reverse the inhibitory ef- 
fect ofL-glutamine on the recycling of L-arginine 
from L-citrulline [64] and prevents the induction 
of arginase that degrades L-arginine to urea and 
ornithine [65]. Seventh, L-arginine may directly 
scavenge free radicals thereby improving endothe- 
hal function [66] . Eigth, endothelium-independent 
mechanisms should be considered, such as va- 
sodilatation through insulin, glucagon and growth 
hormone release [67-69]. 

Oxidative Stress and Chronic 
Heart Failure 

Elevated concentrations of reactive oxygen species 
such as superoxide anions and hpid peroxides 
were found in patients with chronic heart fail- 
ure [70]. This increase in oxidative stress was 
proposed to play a key role in the pathogene- 
sis and progression of CHE [71-74]. Moreover, 
reactive oxygen species may account for the 
impaired endothelium-dependent vasodilatation 
in response to agonists or flow by scavenging 
endothelium-released nitric oxide [75]. A num- 
ber of different enzymes responsible for free radi- 
cal production have been suggested, among them 
NADPH oxidases [76], xanthine oxidase [77,78] 
and mitochondrial enzymes [79]. However, the 
maintenance of normal endothelial function is also 
dependent on the balance of radical producing and 
radical scavenging mechanisms, the latter being 
reduced in chronic heart failure [80]. 

Correction of endothehal dysfunction has be- 
come a therapeutic target in patients with CHE 
and studies using antioxidants l ik e vitamin C 
have been aimed at improving endothelial func- 
tion [75,81-83]. Homig et al. were the first to 
show that acute intra-arterial administration or 
oral vitamin C over a period of 4 weeks signifi- 
cantly improved flow-mediated vasodilatation by 
about 50% in patients with CHE. The portion of 
flow-mediated dilatation mediated by nitric oxide 
was found to be selectively improved and almost 
normalized by acute as well as chronic vitamin C 
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treatment [75]. These results supported the notion 
that endothelial dysfunction in patients with CHF 
is, at least in part, due to an increased quenching 
of nitric oxide by free radicals. 

Previous studies assessed the effects of 
vitamin C on endothelial function in patients 
that had developed chronic heart failure due 
to coronary artery disease [75,83]. Atherosclero- 
sis itself is associated with an increased oxygen 
radical production and oxidative stress, there- 
fore concerns have been raised that the improve- 
ment of endothelium-dependent vasodilatation af- 
ter vitamin C is associated with a restoration of 
endothehal dysfunction in atherosclerosis and not 
in heart failure per se [83]. To address this issue, 
Erbs et al. assessed the effects of an intra-arterial 
vitamin C infusion on endothelium-dependent va- 
sodilatation in two different patient populations: 
one with dilated cardiomyopathy and one with is- 
chemic heart disease [84]. Patients with DCM and 
IHD had a blunted response to acetylcholine stim- 
ulation compared to healthy subjects, but intra- 
arterial administration of vitamin C improved 
acetylcholine-mediated vasodilatation to a lesser 
extend in DCM than in ICM. Despite the positive 
effects of vitamin C, endothelium-dependent va- 
sodilatation was stiU attenuated in patients with 
CHF in comparison with healthy controls sug- 
gesting that other factors besides oxidative stress 
contribute to endothelial dysfunction in CHF per- 
haps downregulation of eNOS. In contrast, one 
study failed to show any improvement of endothe- 
lial function in response to vitamin C in patients 
with dilated cardiomyopathy [82]. It is conceiv- 
able that the intra- venous application ofvitamin C 
used in this study was not sufficient to completely 
scavenge oxygen radicals in the vascular bed of 
the forearm [82]. However, others found reduced 
plasma concentrations of free radicals and en- 
hanced flow-mediated vasodilatation after intra- 
venous vitamin C in patients with CHF [83]. These 
differences might be explained by the work of Ito 
et al. who examined patients with very mild heart 
failure [82] whereas others recruited patients in 
more advanced stages of the disease when oxida- 
tive stress is higher [75,83]. Since oral adminis- 
tration does not increase arterial concentrations 
of vitamin C to levels necessary for radical scav- 
enging, other factors may account for the improve- 
ment of endothelial function after long-term oral 
vitamin C therapy [75,83]. Recently, it is has been 
demonstrated that vitamin C increases tetrahy- 
drobiopterin availability and augments the affin- 
ity of tetrahydrobiopterin for eNOS resulting in 
an augmented NO production [85]. Furthermore, 
vitamin C was shown to reduce free radical pro- 
duction by the inhibition of NADPH oxidases [83] 
and to increase eNOS expression [86]. Vitamin C 
also protects intracellular gluthatione from oxi- 



dation thereby enhancing endothelial NO produc- 
tion [87] and NO stabihty [88]. Finally, vitamin C 
promotes the regeneration of vitamin E thereby 
improving the intracellular antioxidant capacity 
[89]. 

Xanthine oxidase was identified as a free rad- 
ical generator in chronic heart failure, produc- 
ing superoxide anions and hydrogen peroxide as 
byproducts [77]. The enzyme is expressed as xan- 
thine dehydrogenase in the capillary endothelium 
and the endothelium of small arteries and con- 
verted into XO via proteolysis or thiol oxidation 
[90,91]. An increase in serum uric acid levels in 
patients with CHF originated from xanthine oxi- 
dase activation [92] and is further accompanied by 
impaired periphery blood flow, increased vascu- 
lar resistance and higher NYHA functional class 
[93]. Recently, Doehner et al. aimed to improve en- 
dothehal function and vasodilatory capacity in pa- 
tients with CHF by inhibiton of xanthine oxidase 
[78]. Infusion of the XO-inhibitor allopurinol im- 
proved agonist-mediated endothelium-dependent 
vasodilatation in uremic patients with CHF, but 
did not effect ACH-mediated forearm vasodilata- 
tion in CHF patients with normal serum uric 
acid levels. Oral allopurinol treatment for one 
week reduced uric acid levels in hyperurimic pa- 
tients with CHF, improved flow-dependent flow 
in arms and legs and decreased allantoin lev- 
els, a marker of oxygen free radical formation. 
This change in uric acid levels due to allopuri- 
nol therapy was correlated with improvement in 
flow-dependent flow, underscoring the pathophys- 
iological relevance of the free radical production by 
XO. Furthermore, xanthine oxidase inhibition by 
allopurinol seems to exert regenerative effects on 
the failing myocardium since it reduces myocar- 
dial oxygen consumption, improves contractihty 
and thereby efficiency [77,94]. 

In contrast to allopurinol, blockade of aldos- 
terone receptors by spironolactone, in addition to 
standard therapy, was already shown to improve 
survival in patients with chronic heart failure [95]. 
Besides the limitation of excessive extracellular 
matrix turnover due to spironolactone therapy in 
patients suffering form CHF [96], an improvement 
of endothelial function [97] was proposed to ac- 
count for the beneficial effects of the aldosterone 
receptor blocker on mortality and morbidity in the 
RAFES study [95]. Further evidence from exper- 
imental studies in humans and animals supports 
this notion. Spironolactone increases nitric oxide 
bioactivity, improves endothelial vasodilator dys- 
function and suppresses the conversion from an- 
giotensin I to angiotensin II in the vasculature of 
patients with CHF [97]. A reduction in vascular 
oxidative stress may contribute to the therapeu- 
tic effects of spironolactone, since it decreased the 
expression of the p22phox subunit of the NADPH 
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oxidase [98]. The restoration of endothelial func- 
tion with a reduction in peripheral resistance 
might contribute to an improvement in tissue 
perfusion enhancing exercise capacity, chnical 
symptoms and presumably surviv^. 

Exercise Training and CHF 

Since endothelial dysfunction has been recognized 
as a contributor to exercise intolerance in CHF, 
several approaches have been tested to rejuvenate 
the endothelium. Among them, exercise train- 
ing became a promising tool to amplify basal 
nitric oxide release and to improve endothehum- 
dependent vasodilatation in patients with chronic 
heart failure [2,99,100]. The correlation between 
the restoration of endothehal function and the in- 
crement in exercise capacity suggested that pe- 
ripheral hypoperfusion might limit exercise in 
CHF [2]. Alterations of the skeletal muscle func- 
tion were also identified as potential determi- 
nants of exercise intolerance independent from 
peripheral endothelial dysfunction [101,102]. 

Most of the chnical trials tested the effects of 
local exercise training regimens lik e handgrip ex- 
ercise or bicycle ergometer training on endothe- 
lial function of the trained extremity showing an 
improvement of endothelium-dependent vasodi- 
latation [2,55,99], Over the last several years, 
it has been extensively discussed whether there 
is a critical proportion of body mass that has 
to be trained to promote systemic effects on the 
endothelium. One study addressing this issue 
demonstrated systemic effects with an improved 
endothelium-dependent vasodilatation of the ra- 
dial artery in patients with CHF after bicycle 
ergometer training [103]. 

Recently, the effects of an exercise training pro- 
gram on central hemodynamics in relation to pe- 
ripheral endothelial function were assessed [104]. 
Six months of regular aerobic training results in 
a significant increase in left ventricular ejection 
fraction and a reduction in left ventricular dimen- 
sions in patients with CHF. Changes in total pe- 
ripheral resistance were inversely correlated with 
stroke volume at rest and during maximal exer- 
cise, suggesting that cardiac function improved 
as a consequence of afterload reduction due to 
an augmented peripheral vasodilatation. In con- 
trast, an attenuation of sympathetic drive or an 
increased vagal tone after exercise training might 
also account for the reduction in peripheral vas- 
cular resistance [105,106]. Furthermore, a partial 
correction of the adrenergic tone reflected by a 
reduction in plasma radiolabeled norepinephrine 
and a restoration of heart rate variability were at- 
tributed to the improvement of endothelial func- 
tion in CHF due to regular physical exercise [107]. 
Exercise training not only exerts positive effects 



on endothelial dysfunction in CHF, it also im- 
proves exercise capacity, quality of life, and most 
importantly reduces mortahty. Therefore, physi- 
cal exercise especially when tailored to each indi- 
vidual should be considered as a promising tool 
to improve survival in patients with CHF [108]. 
At least a portion of this is due to enhanced NO 
production and bioavailability. 

Molecular Changes of the Endothelium 
in Response to Physical Exercise 

During exercise training cardiac output is inter- 
mittently elevated resulting in an increased shear 
stress on the vascular endothelium. Studies us- 
ing cultured human and bovine endothelial cells 
clearly revealed an increase in eNOS gene ex- 
pression in response to shear stress [109,110]. 
Even stronger physiological evidence is provided 
by animal studies showing elevated eNOS ex- 
pression and NO release from coronary conduit 
arteries [111,112] as well as resistance vessels 
after regular physical exercise [1 13]. However, lo- 
cal differences in shear stress and blood pres- 
sure in response to exercise might account for the 
non-uniform changes in eNOS protein expression 
within the coronary vascular tree [114]. 

A rapid increase in flow e.g. after adenosine 
stimulation induces a flow-dependent vasodilata- 
tion. However, this flow-dependent vasodilatation 
occurs within seconds, orders of magnitude faster 
than an increase in eNOS protein expression can 
occur. Recently, protein kinase A dependent eNOS 
phosphorylation at serine 1179 was identified as a 
mechanism leading to an instantaneous increase 
in NO production in response to shear stress [115]. 
Caveohn is an eNOS binding protein in caveolae 
which inactivates eNOS. In cell culture eNOS dis- 
sociation from caveolin and binding to calmodulin 
after stimulation with flow were also shown to 
rapidly elevate NO production [116]. 

Moreover, shear stress augments the velocity 
of the endothelial L-arginine transport leading to 
improved substrate availability for eNOS and con- 
sequently enhanced NO production [117]. Since 
endothelium-derived NO also induces the expres- 
sion of the radical scavenger enzyme ecSOD, exer- 
cise training might not only result in an increased 
N O bioavailability by an enhanced N O production 
but also by a reduced NO breakdown by reactive 
oxygen species [118]. 

Summary 

Initial studies indicated an important role for the 
downregulation of eNOS in the coronary and pe- 
ripheral circulations and this is still a character- 
istic of heart failure. Other mechanisms which 
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impinge on the bioavailability of NO from eNOS 
such as reduced L-arginine (the substrate), in- 
creased oxygen radical scavenging of NO (super- 
oxide), and the presence of cytokine induced iNOS 
may all contribute to the development of heart 
failure. Understanding the contribution of each of 
these mechanisms will lead to new insights into 
the etiology of heart failure. In addition, with that 
understanding comes the ability to develop new 
rational therapies for the treatment of the causes 
of heart failure. 
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Abstract. Nitric Oxide Synthases (NOSs) are a group of re- 
lated proteins that produce nitric oxide (NO). In manunals, 
there are three known memhers of this gene family: nNOS 
(NOSl), INOS (NOS2) and eNOS (NOSS). Each has been 
disrupted by targeted gene ablation in mice and the corre- 
sponding phenotypes examined. These mice have allowed an 
examination of the contribution of each NOS in a variety of 
experimental models and continue to provided insights into 
the patho-physiologlcal role of NOS and NO. With increas- 
ing sophistication, murine transgenic approaches continue 
to offer a wealth of information, and invaluable tools to fur- 
ther study the NOS system. The focus of this review will 
be an examination of the tools available, and the insights 
gained from studies done on murine NOS genetic models in 
the context of heart failure. 

Key Words, nitric oxide synthase (NOS), heart failure, 
knockout mouse, conditional transgenic mouse, nitric 
oxide (NO) 



Introduction 

The prototypical Nitric Oxide Synthase (NOS) 
nNOS (Fig. 1) was first isolated and purified [1] in 
1990, and was subsequently cloned and sequenced 
[2]. Two closely related enzymes, iNOS and eNOS, 
were isolated [3-7] and cloned shortly thereafter 
[8—13]. An enormous body of research now exists 
describing the molecular, cellular and pharmaco- 
logical properties of these enzymes, as well as their 
contribution to several physiological and disease 
processes. 

Given their sequence similarity, the NOS en- 
zymes appear to have evolved from an ances- 
tral P-450 cytochrome type enzyme, and contain 
a NADPH-dependent cytochrome P-450 reductase 
motif at the C-terminus [2]. The NOS C-terminus 
shuttles electrons (analogous to cytochrome 
P-450 reductases) fromNADPH to FAD, FMN and 



then to a heme-coordinated iron (Fe^"*") within the 
NOS N-terminal oxygenase domain (Figs. 2 and 3) 
[14-16]. 

The oxygenase domain of NOS is function- 
ally equivalent to the P-450 oxidases, however, 
their distinct sequence and crystal structure sug- 
gests convergent functional evolution from differ- 
ent ancestral motifs [17]. While the activities of 
the C and N-terminals may be functionally in- 
dependent [14], the conversion of L-arginine to 
NO (Fig. 2) requires both domains and homo- 
dimerization through a N-terminal interface [16], 
requiring heme and stabilized by BH 4 (tetrahydro- 
biopterin), L-arginine, and Zinc [17-19]. The reac- 
tion catalyzed by the N-terminus (Fig. 3) proceeds 
via a stable intermediate, and thus consists of at 
least two steps [16]. The first step involves binding 
of oxygen (O 2 ) to the heme moiety, and oxidation 
of a guanido N molecule of L-arginine to form N^- 
hydroxy-L-arginine [20]. A second O 2 molecule is 
then combined with this intermediate leading to 
the production of NO and citrulline [21]. 

The common NOS nomenclature is derived 
from anatomic and functional perspectives. En- 
dothelial NOS, or eNOS (NOS3, NOS III, ec- 
NOS), is expressed in endothelial cells and is 
involved in the production of vaso-active mem- 
brane permeable NO gas that participates in 
the regulation of blood pressure [22]. Neuronal 
NOS, nNOS (NOSl, NOS I, ncNOS, bNOS), orig- 
inally identified in neurons, mediates synaptic 
signaling in a similar manner [23] and may be 
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Fig. 1. Structural domains of NOS enzymes. Alignment of conserved regions of the NOS enzymes. Note calmodulin (CaM), cofactor 
and substrate binding regions. Isoform specific features including membrane-localizing PDZ (nNOSa and nNOS/i), myristoylation 
(Myr) and palmitoylation (Palm) sites (eNOS) are also shown. Arg (L-arginine), BH^ (tetrahydrobiopterin), FAD (flavin adenine 
dinucleotide), FMN (flavin mononuclotide), NADPH (nicotinamide adenine dinucleotide phosphate), Zn^'*' (zinc). 



involved in memory formation [24]. The neuronal 
and endothelial isoforms are tightly regulated by 
calcium-calmodulin, and generate small amounts 
of NO, which have precise actions on adjacent cells. 
In contrast, once expressed, the cytokine-inducible 
iNOS (NOS2, NOS II, macNOS) produces high 
levels of NO independent of intracellular calcium 
[25]. A high concentration of NO may itself be toxic 
in the oxidative environments that often accom- 
pany iNOS induction [26]. Indeed, the combina- 
tion of NO with other radical oxygen species may 
directly mediate cell toxicity, and comprises a crit- 
ical component of the host immune response [26]. 

In addition to these well-established roles, a 
more promiscuous pattern of expression has be- 
come evident, and a growing number of processes 
have implicated NO and NOS [27-31], includ- 
ing apoptosis [32], angiogenesis [33], peristalsis 

[34] , micturition [34], cutaneous wound repair 

[35] , skeletal muscle contraction [36], sarcoplas- 
mic reticulum release [37] and glucose 

matabolism [38]. This review will focus on the 
role of the NOS genes in the context of heart 
failure, with emphasis on lessons learned from 
mouse genetic models (Table 1). Readers are 



directed to the other contributions in this publi- 
cation for a more comprehensive examination of 
the contributions of NO and NOS to other aspects 
of cardiac function and disease. 

nNOS 

Expression of neuronal NOS (nNOS) has been 
demonstrated in a population of developing [39] 
and adult neurons [40], the adventitia of a sub- 
set of neuronal blood vessels [41], and in skele- 
tal muscle [36]. However, the finding that nNOS 
is also expressed in sarcoplasmic reticulum (SR) 
membrane vesicles of cardiac myocytes [42] sug- 
gests a functional role in the heart. Interestingly, 
Xu et al. demonstrated functional nNOS activity 
and NO production in isolated cardiac SR vesi- 
cles, which specifically inhibited ‘*®Ca uptake by 
the SR calcium ATPase. These data support a 
mechanism whereby N O produced bynNOScould 
modulate Ca^+ dynamics within the heart [42]. 
Unfortunately, the use of non-selective NOS in- 
hibitors to study these pathways is complicated by 
their inability to distinguish between the NOS iso- 
forms. Moreover, the physiological regulation and 
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Fig. 2. Model of the functional NOS dimer. A functional NOS dimer in association with calmodulin (CaM), cofactors and 
substrates. Note the overall oxo-reductase reaction catalyzed in the presence of sufficient (solid lines), or limiting (dashed lines) 
substrate and/or BH^ (tetrahydrobiopterin). e- (reducing equivalent), FAD (flavin adenine dinucleotide), FMN (flavin 
mononuclotide), JV=0 (nitric oxide), NADPH (nicotinamide adenine dinucleotide phosphate), 0=0 (oxygen), Zn^'*’ (zinc). 



sub-cellular loca li zation of each NOS is distinct, 
which suggests that the combined contribution of 
NOS in regulating cardiac function and pathologi- 
cal remodeling is complex. The use of specific gene 
ablation and transgenic overexpression models al- 
lows dissection of the distinct roles of each NOS 
isoform individually, and provides the means to 
test the contributions of each NOS in a myriad of 
physiological or pathological processes that main- 
tain normal cardiac function or lead to disease. 

nNOS Knockout Mice 

nNOS was the first NOS locus to be targeted for 
homologous recombination in mice [43]. Huang 
et al. deleted the region of NOSl flanking exon 
2, which included translation start of full-length 
brain-spliced nNOS (nNOSa). These mice were 
bred to homozygosity (nNOS^^^), and did not dis- 
play any reproductive or survival defects [43]. 
However, mice had enlarged stomachs, 

with pyloric sphincter and circular muscle hy- 
pertrophy [43], complex behavioral perturbations 
[44], insulin resistance [45], and geriatric car- 
diac left ventricular (LV) hypertrophy [46] . Subse- 
quent studies have highlighted that wild-type and 



nNOS^^^ mice may produce distinct nNOS mRNA 
splice variants (nN0S)3 and nNOSy) by utihzing 
different translation start sites, which exclude the 
region targeted by the knockout strategy [47], or 
that have an extra exon inserted (nNOS^, Fig. 1) 
[48]. Consequently, translation from this locus 
is not completely ‘knocked out’, rather nNOS^''^ 
mice exhibit a low baseline level of neuronal NOS 
activity, but no nNOSa or nNOS/r expression [43]. 
While the precise identity of cardiac-expressed 
nNOS sphce variants have yet to be described, 
nNOS'^'^^ mice are not expected to have SR mem- 
brane nNOS expression, due to ablation of the 
PDZ targeting motif contained within exon 2 [49]. 
These possible limitations should be considered in 
any study employing this nNOS^'''^ model. 

Involvement of nNOS in Modulation of Heart 
Rate (HR). While the effects of pharmacologi- 
cal modulations of the NOS/NO system on vagal- 
mediated bradycardia has produced differing re- 
sults, the findings that nNOS^^^ mice had higher 
mean HR, and lower HR variance [50] were 
intriguing, as similar perturbations are associ- 
ated with increased mortality in humans with 
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Fig. 3. Reaction at NOS oxygenase Catalytic site. Schematic of the NOS N-terminal oxygenase domain active site showing a 
simplified reaction mechanism in the presence of sufficient (solid lines), or limiting (dashed lines) substrate and for critical 
cofactors. NADPH (nicotinamide adenine dinucleotide phosphate) 0=0 (oxygen). 



heart failure [51]. While mice also 

have blunted HR and HR variability in response 
to atropine, they display a normal response to 
/3-adrenergic blockade with propanolol, suggest- 
ing reduced baseline parasympathetic tone [50]. 
Furthermore, in the absence of inhibitory car- 
diac G protein activity (pertussis toxin treat- 
ment), a specific role for NO in a parallel path- 
way mediating autonomic bradycardia was also 
demonstrated [50]. Subsequent work with iso- 
lated atria and intact right vagus nerve prepa- 
rations from nNOS^^^ mice, have shown that 
nNOS is involved in mediating vagal slowing of 
heart rate through an NO-mediated mechanism 
[52]. Interestingly, this was not dependent on 
receptor-mediated (carbamylcholine dependent) 
parasympathetic signaling [52]. 

Involvement of nNOS in Modulating Cardiac 
Contractility. Recently, Barouch et al. reported 
that nNOS'^/'^ mice have suppressed inotropic 
responses to isoproterenol, and that nNOS was 
associated with the cardiac myocyte ryanodine 
receptor in wild type mice [46]. Additionally, iso- 
proterenol treatment led to decreased [Ca^'*']j and 
sarcomere shortening in tiNOS^^^ mice versus 
controls, suggesting a mechanism whereby nNOS 
positively modulates the ;0-adrenergic-stimulated 
cardiac reserve [46]. 



Myocardial Reperfusion Injury in nNOS^l^ 
Mice. Jones et al. compared the responses of 
nNOS'^^^ mice and controls in a myocardial reper- 
fusion injury model [53]. While there was a sig- 
nificant increase in cardiac polymorphonuclear 
leukocyte infiltration, infarct size did not differ in 
nNOS mice [53,54]. These studies imply that 
nNOS is not involved in response to ischemia and 
reperfusion in the heart, as opposed to the brain 
where a negative contribution of nNOS was previ- 
ously established in the nNOS^^^ modelfollowing 
cerebral ischemia [55]. 



Cardiac nNOS Genetic Models: 

‘To Be Continued. . . ’ 

The nNOS^A mouse has provided insights into 
the roles of nNOS in the neuronal, digestive, 
skeletal-muscular and cardiovascular systems. 
The role of nNOS in mediating decreases in vagal- 
dependent HR and HR variability, make this 
pathway a target for new pharmacological ap- 
proaches in the management of heart failure. The 
production of cardiovascular-directed conditional 
nNOS transgenic over-expression and/or condi- 
tional knockout models would offer complemen- 
tary insights into the roles of nNOS in cardiovas- 
cular patho-physiology, and represent important 
avenues for future research. 
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Table 1. Summary murine genetic NOS models 



Model 



Baseline phenotype 



Experimental insights 



nNOS nNOS^/^[43] 



eNOS eNOS-/- [61-63] 



eNOS-/-; apoE"/- 

(DKO) [74,75] 
ppET-eNOS [80] 



aMHC-eNOS [84] 
INOS iNOS-/' [94-96] 



INOS-/-; apoE-/- 
(DKO) [74,104,105] 

aMHC-iNOS [116] 
«MtTA+/iNOS+ [114] 



Enlarged stomach, pyloric sphincter stenosis, 
increased aggression in males, geriatric LV 
hypertrophy and insulin resistance. 

Hj^pertension, decreased body wt, decreased 
waking HR, decreased plasma renin, 
increased HR variability, increased cardiac 
prepro ANP, impaired angiogenesis, insulin 
resistance, decreased aggression in males, 
limb defects, bicuspid aortic valve, geriatric 
LV hypertrophy and increased vascular 
adventitial nNOS expression. 

Hj^pertension, coronary arterosclerosis 
with high fat diet + ...? 

Hypotension, decreased response to ACh, 
ATPyS, SNPandNTG. 

Decreased LVP and cardiac hypertrophy 
(only in highest expressing line). 

No abnormalities. 

No abnormalities. 

No cardiac phenotype. 

Cardiomyopathy, sudden death, 
brady-arrhythmia and decreased 
Cx40 in AV-node and BB. 



nNOS involved in autonomic vagal bradycardia 
[50,52], and increases inotropy [46]. 

Role of nNOS in BP regulation [62,70-72], 
eNOS negatively modulates ^-adrenergic 
stimulation of cardiac contractility [46] 
and ventricular relaxation [65], eNOS 
reduces infarct size following cardiac 
ischemia [54,77,78]. 



eNOS activities in BP regulation [80], 
beneficial roles in sepsis [82] 
and vascular remodeling [83]. 

Biphasic effect of eNOS/NO: positive inotropy at 
low and negative at high concentrations [84]. 
Biphasic roles in septic shock [94—96,98-101], 
vascular remodeling [74,76,104—106,109,110], 
cardiac transplant [111,112] and ischemia [113]. 



Anti-atherogenic role for eNOS [74,75]. 



List of NOS genetic models, known baseline phenotypes and experimental insights described within this review. LV (left ventricle), HR (heart rate), 
ANP (atrial natriuretic peptide), DKO (double knockout), SNP (sodium nitroprusside), ACh (acetylcholine), NTG (nitroglycerin), LVP (LV systolic 
pressure), ppET (prepro endothelin 1), aMHC (a-myoBin heavy chain), aMfTA (a-MHC-tetracycline regulated transcriptional transactivator), AV 
(atrioventricular) BB (bundle branch), apoE (apolipoprotein E), and Cx40 (connexin 40). 



eNOS 

The endothelial constitutive NOS (eNOS, NOS3, 
NOS 111, ecNOS) is the major NOS isoform ex- 
pressed in the heart, except during cardiac pathol- 
ogy where cytokine-induced rNOS expression may 
dominate. While eNOS expression occurs mainly 
in vascular endothelium and plays an important 
role in regulation of vascular resistance and my- 
ocardial perfusion, this isoform may also be ex- 
pressed in endocardial endothelium, and cardiac 
myocytes [56]. eNOS is regulated by complex 
mechanisms that include reversible calmodulin 
(CaM) binding, induction by shear stress, post- 
translational caveoh targeting, and serine, thre- 
onine and/or tyrosine phosphorylation [57-60]. 

eNOS Knockout Mice 

Three groups independently produced mice with 
targeted disruption of the NOS3 locus [61-63]. 
Huang et al. first demonstrated that the absence of 
eNOS led to a decrease in acetylcholine-dependent 
relaxation in intact aortic rings, and that these 
mice were hypertensive, supporting a role for 
eNOS derived NO in blood pressure homeostasis 



[62]. Interestingly, inhibition of residual NOS ac- 
tivity in these mice, with a non-selective NOS in- 
hibitor, resulted in a paradoxical normalization 
of blood pressure, suggesting additional eNOS- 
independent hypertensive pathways [62]. Consis- 
tent with this finding was the observation that 
nNOS^^^ mice had a tendency towards hypoten- 
sion with anesthesia, suggesting a role for nNOS 
in BP homeostasis [55]. 

Using a different targeting strategy, Shesely 
et al. confirmed that eNOS~^“ mice exhibited hy- 
pertension. However, this group also noted that 
eNOS-/- mice had lower body weights at 14 weeks 
of age, lower waking HR, and a decrease in plasma 
renin activity [63]. The eNOS"/- miceproduced 
by Godecke et al. also displayed hypertension and 
decreased waking HR [61]. In addition to these 
initial characterizations, eNOS-/- mice were sub- 
sequently shown to have increased HR variability 
[64], increased cardiac prepro ANP (atrial natri- 
uretic peptide) mRNA expression [65], impaired 
angiogenesis [66], insulin resistance [45], behav- 
ioral dysfunctions [67], age-dependent LV hyper- 
trophy [46], and developmental limb [68] and 
cardiac valve abnormalities [69]. These findings 
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point to diverse and subtle influences of eNOS- 
derived NO on a wide range of developmental and 
physiological processes. Indeed, the importance of 
cNOS may have been underestimated due to a 
strong negative selection bias, since the major- 
ity of eNOS"''" mice appear to succumb shortly 
after birth (Qingping Feng, personal communica- 
tion), likely due to cardiovascular abnormalities 
that are incompatible with post-natal survival. 
As with the nNOS^^^ model, the contributions of 
the above baseline phenotypes must be taken into 
account in any studies comparing experimental 
manipulations in eNOS“A mice versus wild-type 
httermate controls. 

Interaction Between NOS Isoforms in 
Regulation of Blood Pressure. The role 
of cNOS in the regulation of blood pressure and 
vascular tone has been well characterized over 
the last two decades. However, new evidence 
suggesting that uNOS may also be involved in the 
modulation of blood pressure has been generated 
in the eNOS"‘^“ model. In eNOS“/“ mice there 
is a compensatory up-regulation of uNOS in the 
arterial endothelium [70] and preserved func- 
tional responses to acetylcholine in resistance 
vessels such as the pial [71], mesenteric [72] 
and coronary arteries [70], but not in larger 
conduit vessels such as the carotid artery or aorta 
[62,72]. These data would suggest that nNOS 
might functionally replace or augment cNOS 
activity and contribute to vascular relaxation, 
similar to the functional redundancy between the 
constitutive NOS isoforms in mediating long-term 
potentiation in the brain [24] . This phenomenon 
may be important in the setting of cardiac and 
vascular disease, where nNOS expression may 
partially compensate for a down-regulation of 
cNOS. Indeed, constitutive NOS functional re- 
dundancy may serve a teleologically protective 
role, as opposed to a principally pathogenic role of 
immune-stimulated iNOS expression, which may 
also be present in the setting of cardiovascular 
disease. 

Endothelial Function in eNOS~^~ Mice. The 

production of NO by cNOS has been suggested 
to play a protective role in prevention of vascu- 
lar endothelial dysfunction, a major contributing 
factor to cardiovascular disease. One mechanism 
for the protective effect of eNOS-derived NO is 
the prevention of endothelial leukocyte adhesion. 
Wild-type mice treated with a non-specific NOS 
inhibitor (L-NAME) showed increased leukocyte 
adhesion, suggesting a NOS -dependent mecha- 
nism. However, at basehne, eNOS“/“ mice did not 
show a similar increase in vascular wall leuko- 
cyte adhesion [73]. This paradox was resolved by 



the observation that a nNOS selective inhibitor 
(7-nitroindazole) induced leukocyte adhesion in 
eNOS~^“, but not wild-type mice, and that a com- 
pensatory increase in nNOS expression was ob- 
served in eNOS"''" mice [73]. This finding is im- 
portant because it further supports the concept 
that the two constitutive NOS isoforms may have 
overlapping cardiovascular functions, with nNOS 
functionally compensating or augmenting eNOS 
deficiency. 



Atherosclerosis in eNOS~!~ Mice. Two groups 
have bred eNOS“^“ mice into the apolipoproteinE 
knockout (apoE~^~) background in the C57B1/6 
mouse strain [74,75], and have reported increased 
atherosclerotic lesions. While the degree and re- 
gional distribution of lesions differed in the two re- 
ports, this may have been due to differences in the 
respective mouse diets. When maintained on nor- 
mal chow, 4-month-old eNOS“A; apoE~^~ double 
knockout (eNOS/apoE DKO) mice had increased 
numbers and areas of aortic lesions compared to 
apoE“''“ mice, and some evidence of proximal coro- 
nary artery lesions [74]. Interestingly, treatment 
of apoE ~ mice with a non-specific NOS inhibitor, 
led to hypertension and an increase in severity of 
aortic lesions compared to untreated apoE“^" mice 
[74]. Additionaly, treatment with an angiotensin- 
converting enzyme (ACE) inhibitor (enalapril), re- 
duced both blood pressure and aortic lesion size 
in eNOS/apoE-DKO mice, which were also hyper- 
tensive compared to apoE~/~ mice [74]. Together, 
these findings led the authors to suggest that hy- 
pertension was the major contributor to the eti- 
ology of atherosclerotic lesion formation in these 
mice [74]. 

A more striking distribution and level of 
atherosclerotic lesion formation was reported in 
eNOS/apoE-DKO mice fed a high-fat diet for 
16 weeks [75]. These mice had severe aor- 
tic atherosclerotic lesions, with frequent aortic 
aneurysm and dissection, and evidence of lesions 
in the distal coronary tree [75]. These abnormali- 
ties were not observed in apoE“^~ on the same diet 
for 16 or 24 weeks, or in the previous study with a 
normal diet [74,75]. These mice had impaired LV 
function and cardiac hypertrophy, possibly aresult 
of chronic myocardial ischemia, resulting from 
coronary artery disease [75]. These mice were also 
hypertensive, consistent with the hypothesis link- 
ing hypertension to the severity of atherosclerosis 
in eNOS-/- mice [75]. WhiletheabsenceofapoEin 
concert with a high-fat diet and hypertension may 
represent a supra-physiological condition, this is 
the first murine model system demonstrating dis- 
tal coronary atherosclerosis that parallels human 
disease. Of note, Lee et al. reported increased 
arteriosclerosis in an aortic transplant model in 
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eNOS-/- mice compared to controls [76]. Together, 
these reports suggest that the eNOS/NO system 
plays an important anti-atherogenic role, which 
may be functionally depressed in coronary artery 
disease. 



Cardiac Function in eNOS~i~ Mice. The roles 
of NOS and NO in regulation of cardiac func- 
tion are complex, controversial and likely multi- 
factorial [29]. As such, the eNOS~^“ model is an 
invaluable tool with which to explore the impor- 
tance of these pathways in relation to cardiac 
function and pathology. Although baseline cardiac 
contractile function (dP/dfmax) in Langendorff 
preparations or in vivo catheterizations was not 
different in eNOS"''" mice as compared to litter- 
mate controls, eNOS“^“ mice displayed increased 
contractile responses to the /3-adrenergic agonist 
isoproterenol [24,46,65]. This response was not re- 
lated to differences in afterload, as the same effect 
was observed when phenylephrine-treated wild- 
type mice, with similar blood pressure, were com- 
pared with eNOS“''~ mice [65]. These data suggest 
a role for eNOS in modulating the cardiac contrac- 
tile response to ^-adrenergic stimulation. How- 
ever, this finding suggests a negative inotropic role 
for eNOS-derived NO, as opposed to a positive in- 
otropic role for nNOS-derived NO, implying that 
sub-cellular NOS compartmentalization leads to 
unique isoform-specific NO effects on cardiac 
physiology. Interestingly, the findings that dou- 
Irle knockout eNOS“''“; mice displayed 

phenotype similar to the nNOS^^^ suggested that 
the nNOS-dependent role, likely modulating SR- 
dependent Ca"^^ release, lies downstream of the p- 
adrenergic stimulation of caveoli-localized eNOS 
[46]. These findings are intriguing in light of 
other data that suggest neuronal and vascular 
eNOS/nNOS functional overlap, and highlight 
the tissue-specific and subcellular complexities of 
the NOS/NO system. The use of conditional and 
tissue-specific transgenic models should provide 
further complementary insights into the diverse 
roles of NOS in cardiac physiology and disease. 

In addition, while the ventricular relaxation 
constant (Tau, r) is increased in wild-type mice 
treated with a non-selective NOS inhibitor (L- 
NNA), eNOS“''“ mice have normal baseline ven- 
tricular relaxation, and are not affected by L-NNA 
[65]. These results suggest a role for eNOS in ven- 
tricular relaxation that is masked in the eNOS“^“ 
model, possibly due to a compensatory increase in 
cardiac ANP expression [65]. 

There is considerable controversy surrounding 
the contribution of NOS/NO in cardiac ischemia 
and reperfusion. For example, infarct size was de- 
creased in wild-type mice treated with an ACE in- 
hibitor (ramiprilat) [77]. However, this effect was 



absent in eNOS~^“ mice, implying a protective 
role for eNOS-derived NO in this process [77]. 
In addition, results from Langendorff isolated 
heart experiments in eNOS'^- mice demonstrated 
increased infarct size compared to controls, af- 
ter 30 min global ischemia and 30 min reperfu- 
sion. These data were consistent with a protec- 
tive role for eNOS-derived NO in the setting of is- 
chemia and reperfusion [54]. Another group exam- 
ined infarct size in isolated hearts from eNOS'^- 
mice and reported a decrease in the ischemic pre- 
conditioning threshold compared to control mice 
[78]. While four cycles of preconditioning produced 
no difference in infarct size in eNOS“^“ mice, 
less than 4 cycles of preconditioning led to in- 
creased infarct sizes compared to control litter- 
mates [78]. However, Flogel et al. reported im- 
proved cardiac function in Langendorff prepa- 
rations from eNOS“^“ mice following ischemia- 
reperfusion, suggesting that eNOS contributed to 
myocardial injury in this model [79]. Lurther ex- 
perimentation using the eNOS“''“ modelis needed 
to help define the specific role of eNOS and NO in 
cardiac ischemia and reperfusion injury. 



Prepro Endothelin-1 (ppET) Promoter 
Directed eNOS Transgenic Mice. Ohashi 
et al. employed a 9.2 kb fragment of the murine 
ppET promoter to drive expression of a bovine 
eNOS mRNA in mice [80]. Lour lines of ppET- 
eNOS mice were reported with bovine eNOS 
mRNA expressed in heart lung, aorta and utems, 
with lesser expression in brain, liver, kidney 
and intestine [80]. In addition, bovine eNOS 
protein was detected in particulate, but not 
cytosolic, fractions of heart, lung and aorta 
by Western blot; and immuno-staining con- 
firmed an increase in endothelial cell-specific 
eNOS expression, and a 10-fold increase in 
calcium-dependent NOS activity in the aorta [80]. 
Transgenic ppET-eNOS mice were hypotensive, 
and treatment with a non-selective NOS inhibitor 
(L-NAME) elevated BP in both wild type and 
ppET-eNOS mice to the same level [80]. Of note, 
there were no differences in awake heart rate, 
body weight, organ weight, or blood biochem- 
istry, including plasma renin, or ET-1. How- 
ever, ppET-eNOS mice had depressed vascular 
responses to acetylcholine, ATPyS, sodium nitro- 
pmsside or nitro-glycerin, but normal relaxation 
toforskolinordibutyrylcAMP [80]. These findings 
are intriguing when compared with the eNOS“''~ 
model, and support a role for eNOS-derived NO 
in regulating blood pressure. Indeed, these data 
point in particular to a role for eNOS in setting the 
baroreceptor point, and suggested that chronic 
eNOS up-regulation may lead to desensitization 
in response to muscarinic agonists and NO. 
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Subsequently, the contribution of decreased 
soluble guanylate cyclase, and cGMP-dependent 
protein kinase levels, have been proposed as 
mechanisms for impaired endothelium-dependent 
relaxation in ppET-eNOS mice [81]. 

Responses to endotoxin shock [82], and com- 
mon carotid artery ligation [83] have also been 
examined in ppET-eNOS mice. Eollowing chal- 
lenge with lipopolysaccharide (EPS), ppET-eNOS 
mice were protected from septic shock, as demon- 
strated by a blunted hypotensive response and re- 
duced pulmonary leukocyte infiltration and edema 
[82]. ppET-directed over-expression of eNOS was 
dso shown to decrease both neointimal and me- 
dial thickening in a common carotid artery liga- 
tion model of vascular remodeling [83]. The vas- 
cular endothelium from ligated ppET-eNOS mice 
also had decreased leukocyte infiltrates, reduced 
intracellular adhesion molecule- 1 (ICAM-1) and 
vascular cellular adhesion mlecule-1 (VCAM-1) 
expression [83]. Collectively, these reports high- 
light the wealth of information that may be dis- 
cerned from transgenic over-expression models, 
especially when complementary knockout models 
also exist. Specifically, these data further support 
beneficial roles for eNOS in preventing cardio- 
vascular septic shock, adverse vascular remodel- 
ing, regulating blood pressure, and modulating the 
baroreceptor response. 



aMHC Promoter Driven eNOS Over- 
Expressing Transgenic Mice. To explore 
the consequences ofcardiomyocyte-specific eNOS 
expression, the aMHC promoter was used to drive 
the expression of a human eNOS transgene in 
mice(aMHC-eNOS) [84]. Three lines oftransgenic 
mice were produced with increased cardiac eNOS 
protein expression and a -10-100 fold increase in 
total cardiac NOS activity [84]. While the levels 
of NO generation in aMHC-eNOS mice were 
not reported, there was no change in superoxide 
generation, estimated using Cypridina luciferin 
chemiluminescence [84]. Though there was no 
difference in blood pressure, heart rate or body 
weight in any aMHC-eNOS mice, the line with 
highest level of transgenic protein expression had 
increased heart weights, and all lines displayed 
depressed left ventricular peak pressure (EVP) 
[84]. Interestingly, while a non-hypertensive dose 
of L-NAME (50 mg/Kg/Day) depressed EVP in 
wild-type mice, suggesting a net positive inotropic 
effect of NOS-derived NO, aMHC-eNOS mice 
had increased EVP following NOS blockade, 
suggesting a net negative inotropic effect [84]. 
The mechanism for this biphasic effect of NO on 
cardiac function is intriguing in light of the oppos- 
ing inotropic roles of cardiomyocyte sarcoplasmic 
reticulum-localized nNOS and caveoli-localized 



eNOS gleaned from the eNOS"^“, nNOS"/" and 
double knockout eNOS“^“; nNOS“^“ models 
[46]. These data suggest that the net effect of 
non-selective NOS inhibition, with the dose of 
L-NAME used, primarily blunted the positive 
inotropic contribution of nNOS in wild-type 
mice. However, in aMHC-eNOS mice the same 
treatment lead to reduced contractility, that was 
likely a result of decreased cardiomyocyte Ca^+- 
sensitivity, possibly resulting from chronically 
elevated NO generation [84]. 

Cardiac eNOS Genetic Models: 

‘Complementary Perspectives’ 

The eNOS-/-, ppET-eNOS and aMHC-eNOS 
mouse models have provided insights into the 
roles of eNOS in several physiological and develop- 
mental pathways. These complementary models 
have highlighted a role for vascular eNOS-derived 
NO in regulating blood pressure homeostasis, set- 
ting the baroreceptor point and suggest func- 
tional overlap with nNOS. However, the distinct 
cardiomyocyte sub-cellular distributions of eNOS 
and nNOS facilitate opposite effects on cardiac 
inotropy. This finding is interesting because it 
highlights distinct NOS/NO pathways in differ- 
ent sub-domains of a single cell type. Additionally, 
the beneficial contribution of eNOS in preventing 
the formation of atherosclerotic lesions and reduc- 
ing infarct size after ischemia, suggests that eNOS 
and NO augmentation may represent a target for 
therapy. These insights highlight the types of stud- 
ies that are possible, and implicate eNOS defi- 
ciency in hypertension, atherosclerosis, and my- 
ocardial infarction, the principal contributors to 
heart failure. 



iNOS 

As opposed to the critical calcium-dependent reg- 
ulation of constitutive NOS enzymes, iNOS has 
been described as calcium-insensitive, likely due 
to its tight non-covalent interaction with calmod- 
ulin (CaM) and Ca^+. While evidence for ‘base- 
line’ iNOS expression has been elusive, IRE-1 [85] 
and NF-vB [25,86] -dependent activation ofthe in- 
ducible NOS promoter supports an inflammation- 
mediated stimulation of this transcript. Erom a 
functional perspective, it is important to recog- 
nize that induction of the high-output iNOS usu- 
ally occurs in an oxidative environment, and thus 
high levels of NO have the opportunity to react 
with superoxide leading to peroxynitrite forma- 
tion and cell toxicity [25]. Moreover, generation 
of NO is dependent on the availability of suffi- 
cient amounts of substrate and/or co-factors, in 
particular BH4. Relative deficiency of L-arginine 
and BH4 leads to an “uncoupling” of NOS activity 
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and the production of superoxide (Or ) anion in- 
stead of NO. Of note, the continuous high-level of 
Ca^‘*'/CaM-independent activity of inducible NOS 
may predispose to depletion of substrate and co- 
factors and ‘convert’ iNOS into a predominantly 
Og -generating enzyme (Figs. 2 and 3). While all 
NOS enzymes may generate Og under in vitro 
conditions [87-89], iNOS may be the most likely 
to produce Og in vivo. These properties may de- 
fine the roles of iNOS in host immunity, enabling 
its participation in anti-microbial and anti-tumor 
activities [31]. 

An increasing number of reports suggest that 
inflammatory signals can activate the iNOS pro- 
moter in nearly any cell type. Importantly, cardiac 
myocytes have been shown to express iNOS in a 
variety of cardiac diseases [90-92], and in particu- 
lar heart failure [93]. Given the potential complex- 
ities of NOS interactions, it is nearly impossible 
to deter mi ne the roles of increased iNOS activ- 
ity in these cardiac conditions using non-specific 
pharmacological agents. Indeed, iNOS may be 
pathogenic either through direct cytotoxicity or by 
interfering with the beneficial activities of the con- 
stitutive NOSs. Thus, murine genetic models pro- 
vide invaluable tools to ascertain both necessary 
and sufficient roles for iNOS in association with 
cardiovascular physiology and immune-mediated 
cardiovascular diseases, including heart failure. 

iNOS Knockout Mice 

Mice with NOS2 gene disruption were pro- 
duced independently by three groups [94—96]. 
MacMicking et al. were the first to generate 
iNOS-/- mice with no detectable baseline or 
lipopolysaccharide (LPS)-induced iNOS expres- 
sion in heart, kidney, lung, or spleen [94]. Fur- 
thermore, peritoneal macrophage cultures from 
iNOS-/- mice treated with interferon-y (IFNy) 
and LPS, or IFNa/^ and LPS, did not express 
iNOS, and IFNy or IFNy and TNFa did not elicit 
increased NO production [94]. By contrast, each 
of these treatments produced significant iN()S ex- 
pression or NO production in littermate controls. 
Homozygous iNOS-/- mice were bom with ex- 
pected frequency, displaying no developmental de- 
fects or mortality [94]. Adult mice were able to 
reproduce, and exhibited no abnormalities of his- 
tology, hematology or blood biochemistry [94]. In 
addition, iNOS"^ mice were able to mount a 
cellular inflammatory response following treat- 
ment with thioglycollate broth, sodium periodate 
or IFNy and LPS [94]. Furthermore, activated 
macrophages from iNOS~/- mice were able to 
elicit a normal H 202 -defined oxidative burst, fol- 
lowing activation with LPS and IFNy, phorbol 
myristate. Bacillus Calmette-Guerin, or Listeria 
monocytogenes [94], but displayed reduced nitro- 



tyrosine staining [97]. These data demonstrated 
an apparently intact cellular inflammatory re- 
sponse and oxidative capacity in iNOS-/" mice, 
but a lack of macrophage-inducible NO and dimin- 
ished peroxynitrite generation. Two other groups 
independently confirmed these results [95,96]. 

Sepsis and Hemodynamic Shock in iNOS~l~ 
Mice. While iNOS-/- mice were indistinguish- 
able from controls under sterile vivarium condi- 
tions, they succumbed to a 10-fold lower dose of 
Listeria monocytogenes, and had increased his- 
tological signs of bacterial infection [94]. Ad- 
ditionally, in a cecal ligation and puncture- 
induced model of sepsis, survival was decreased 
in iNOS-/- mice as compared to controls [98]. 
There was also an increase in T-ceU proliferation in 
iNOS-/- mice following treatment with Leishma- 
nia major or carrageenin [95]. These findings high- 
lighted critical roles for iNOS in mediating anti- 
bacterial immunity, and negatively regulating 
T-ceU accumulation. However, when treated with 
LPS, anesthetized iNOS~/- mice did not display 
hypotensive shock and, unl ik e littermate controls 
that succumbed to the same treatment, knock- 
out mice did not exhibit any significant mortal- 
ity [94,95]. These data suggest that iNOS plays 
a detrimental role during septic shock, and is 
necessary for LPS-induced hypotension. Finally, 
MacMicking et al. demonstrated that if sensitized 
by pre-treatment with heat-killed Propionobac- 
terium acnes, the response of waking iNOS'/- 
mice to LPS was not different from littermate con- 
trols [94,96]. This finding indicates the presence of 
additional iNOS-independent immune pathways 
involved in the response to sepsis. These findings 
are intriguing, in that they support diverse roles 
for iNOS in cellular immunity, manifest as both 
beneficial and detrimental response mechanisms. 

Vascular Contractility and Permeability in 
iNOS~l~ Mice. The murine iNOS'/- model 
has provided insight into the contribution of 
iNOS to the increased microvascular perme- 
ability that follows endotoxin shock. Responses 
to norepinephrine have been examined in iso- 
lated mesenteric arteries from iNOS-/- and con- 
trol mice, and 4 h following LPS challenge [99] . 
While norepinephrine-induced constriction was 
decreased in arteries from wild-type mice follow- 
ing LPS, this effect was not observed in iNOS-/- 
mice [99]. Pre- treatment of wild- type mice with 
the iNOS-selective inhibitor aminoguanidine was 
able to partially rescue the decreased sensitiv- 
ity to norepinephrine following LPS, but had 
no effect in iNOS-/- mice [99]. These find- 
ings were corroborated in isolated cremasteric 
arterioles from mice with cecal ligation and 
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puncture-induced sepsis [100]. In these experi- 
ments, arteries from iNOS“^“ mice had improved 
norepinephrine-dependent vasoconstriction, and 
additionally iNOS“^“ mice displayed decreased 
mortality [100]. These data suggest that iNOS 
plays a role in antagonizing constrictor responses 
in septic shock. Another study has examined the 
mesenteric microvascular response in iNOS~/“ 
mice following endotoxin treatment using in- 
travital microscopy [101]. Endotoxin treatment 
induced an acute vasoconstrictor response and in- 
creased vascular permeability in both iNOS“^~ 
and control mice. While this increase in perme- 
ability was blunted in iNOS~^“ mice after 20 min, 
it continued to increase in controls [101]. These 
reports are interesting, and highlight a biphasic 
role for iNOS in sustaining, but not initiating, 
acute micro-vascular constriction and permeabil- 
ity following endotoxin treatment, and decreasing 
norepinephrine sensitivity. 



Atherosclerosis in iNOS Knockout Mice. 
Ihrig et al. recently reported that untreated 
iNOS-/- mice were transiently hypertensive at 3, 
but not 9 or 1 2 months, and had a two-fold increase 
in plasma cholesterol, which correlated with the 
development of aortic atherosclerosis [102]. How- 
ever, a second group has reported that 8 wk old 
iNOS-/- mice do not develop increased atheroscle- 
rotic lesions, compared to control mice, after being 
fed a high fat diet for 15 wks, but had decreased 
collagen content in lesions [103]. These findings 
are complex, however, neither group used htter- 
mate controls and therefore the contribution of ge- 
netic drift cannot be excluded. 

Recently iNOS~/-; apofi-/- double knockout 
(iNOS/apoE DKO) mice have been produced by 
three groups [74,104,105]. When maintained on 
a normal (low-fat) diet, iNOS/apoE DKO did not 
display any difference in lesion formation as com- 
pared to apofi-/- littermate controls [74]. How- 
ever, when fed a high-fat diet, aortic lesion size 
was decreased in rNOS/apoE DKO vs. littermate 
control apofi-/- mice [104,105]. These data are in- 
triguing since iNOS expression is well known to 
occur in atherosclerotic lesions, and suggest that 
iNOS inhibition may represent a potential thera- 
peutic strategy. In addition, these findings suggest 
that treatment of iNOS/apoE DKO with a high- 
fat diet may unmask the pro-atherogenic poten- 
tial of iNOS, contradicting the above experiments 
in the wild-type (apoE'*'/+) background. The pro- 
duction of complementary vascular-specific iNOS- 
overexpressing models, in wild type and pro- 
atherogenic backgrounds, should provide further 
insights into these contradictory findings. 

In a heart transplant model, cardiac allo- 
grafts introduced into iNOS-/- mice had in- 



creased micro-vascular lumen occlusion and in- 
timal smooth muscle cell accumulation, as com- 
pared to wild-type recipients [106]. These data 
suggested that iNOS played a beneficial role in 
prevention of transplant arteriosclerosis. In yet 
another transplant model, aortic allografts from 
iNOS-/ - or control mice were transplanted into a 
wild-type host, and the extent of vascular remod- 
ehng examined [76]. In this model, transplanted 
aortic segments from iNOS-/- mice were not dif- 
ferent from wild-type allografts, suggesting that 
iNOS was not involved in vascular remodeling 
following transplant atherosclerosis [76]. How- 
ever, these authors also showed that simultane- 
ous treatment with an iNOS over-expressing viral 
vector could decrease transplant atherosclerosis 
in the eNOS-/- model, which had significantly 
increased intimal thickening [76]. Excluding the 
differences between the transplant models, these 
data suggest a biphasic role for iNOS in transplant 
atherogenesis. Indeed, iNOS may have beneficial 
effects, but also contribute to intimal hyperplasia, 
and have complicated interactions with constitu- 
tive NOS. A more detailed temporal and tissue- 
specific examination of the contributions of iNOS 
in these processes, awaits the production of more 
sophisticated regulated and tissue-specific knock- 
out or over-expressing systems. 

In an elastase-induced abdominal aortic aneu- 
rysm model leading to chronic inflammation, Lee 
et al. examined the contribution of iNOS induc- 
tion by comparing iNOS-/- and control mice [97]. 
While iNOS-/- female mice had more severe 
aneurysms, male mice or ovariectomized females 
were not different from controls [97]. These data 
are interesting in light of the interactions between 
NO and estrogen [107,108], and suggest that syn- 
ergistic interactions may have anti-atherogenic 
effects. 



Restenosis in iNOS Knockout Mice. Since 
vascular iNOS expression has been described in 
restenosis, Chyu et al. examined the response of 
iNOS-/- mice implanted with a carotid periadven- 
titial collar [109]. Neointimal accumulation and 
VCAM-1 expression were decreased in vascular 
segments of iNOS-/- mice, as compared to con- 
trols [109]. These data suggested that iNOS is 
necessary for neointima formation in this model, 
and that this pathway may involve VCAM-1. 
Interestingly, Tolbert et al. reported no differ- 
ence in the response of iNOS*'- male or female 
mice in a carotid artery ligation model when com- 
pared to sex-matched control mice [1 10]. However, 
female mice had decreased neointimal lesions, 
regardless of genotype [110]. These reports sug- 
gest that iNOS may have differing roles depend- 
ing on the model examined, probably related to 
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the extent of associated inflammation. In addi- 
tion this study suggests that the protective ef- 
fects of estrogens were independent of iNOS [110], 
as opposed to data from an abdominal aortic 
aneurysm (atherosclerosis) model where estrogen- 
rNOS interactions were reported [97]. Thus, iNOS- 
estrogen interactions are complex and may have 
differing effects on vascular remodehng, possibly 
depending on the conditions of the experimental 
model examined. 

Cardiac Patho-Physiology in iNOS Knockout 
Mice. iNOS“‘'~ mice provide an excellent model 
to examine the contribution of iNOS to cardiac 
transplant rejection. Koglin et al. transplanted 
cardiac allografts into iNOS"''“ mice and con- 
trols, and studied the histological rejection scores 
after 7 and 55 days [111]. An improved score 
was observed early in iNOS“''~ mice, as com- 
pared to wild type controls with endogenous iNOS, 
but the opposite was observed in the chronic ex- 
periment [111]. These data suggest that iNOS 
plays a dual role in cardiac transplantation, hav- 
ing early detrimental effects but improving long- 
term survival. Additionally, expression of the pro- 
apoptotic markers p53 and Bcl-2 were increased, 
and anti-apoptotic Bax and Bcl-Xi decreased, in 
the iNOS~''“ group, suggesting a mechanism in- 
volving the iNOS-dependent activation of p53 in 
stimulation of apoptosis through Bax, and antag- 
onizing the anti-apoptotic effects of Bcl-2 and Bcl- 
Xi [112]. 

The role of iNOS in cardiac ischemia has 
been examined in Langendorff preparations from 
iNOS-/ - mice [113]. No acute differences in car- 
diac contractility, heart rate, coronary hemody- 
namics, or leakage of intracellular creatine ki nase 
or lactate dehydrogenase were observed, suggest- 
ing no significant role for iNOS in the early phase 
of cardiac ischemia [113]. 

otMHC Directed iNOS Over-Expressing 
Transgenic Mice. We have recently reported a 
binary transgenic mouse model with Doxycychne 
(DOX)-regulated, and cardiomyocyte-specific ex- 
pression of human iNOS (iNOS'''/aMtTA+) [114]. 
Two independent hnes of iNOS'*'/aMtTA+ mice 
displayed DOX-reversible human iNOS expres- 
sion in cardiomyocytes with a 10-fold increase in 
total cardiac NOS activity, increased peroxyni- 
trite generation and a 2-fold increase in L-NAME 
inhibited lucigenin chemiluminescence (an in- 
dicator of superoxide generation) [114]. We also 
reported significant cardiac hypertrophy, atrio- 
ventricular dilation, mild cardiac inflammation 
(histo-pathology) and an infrequent occurrence 
of heart failure in iNOS'^'/aMtTA'*' mice as com- 
pared to littermate or DOX-treated controls [1 14]. 



Of particular interest, these mice had a signifi- 
cant incidence of sudden cardiac death [114]. This 
phenotype was correlated with cardiac brady- 
arrhythmias, atrio-ventricular (AV)-node dys- 
function and down-regulation of connexin 40 in 
the AV-node and proximal His-Purkinje fibers 

[114] . These findings suggest that enhanced 
cardiac iNOS expression, as occurs in a variety 
of cardiac diseases, has the potential to cause 
hypertrophy, dilation, cardiomyopathy, AV-node 
dysfunction, brady-arrhythmia, sudden cardiac 
death, and heart failure. 

In contrast to our results, Heger et al. re- 
cently reported a non-conditional model with 
ofMHC promoter-directed expression of human 
iNOS (aMHC-iNOS) [115]. These mice have in- 
creased cardiac iNOS activity but no alterations 
in cardiac structure or function [115]. We believe 
this difference in phenotype hkely reflects a criti- 
cal difference in experimental design, as the ‘non- 
conditionaT transgenic approach may have pre- 
selected lines without significant cardiac toxicity 

[115] . Indeed, significant embryonic lethality was 
observed in our model, which was fully rescued 
by DOX suppression of iNOS transgene expres- 
sion during development. Therefore, the use of a 
DOX-regulatable conditional system for cardiac- 
selective transgene expression allowed the bypass 
of embryonic mortality, and prevention of develop- 
mental adaptation in utero [114]. 

Heger et al. reported S-ethylisothiourea- 
inhibitable iNOS activity in the aMHC-iNOS an- 
imals and these data are presented as a 260- 
400-fold increase over control mice exhibiting no 
significant iNOS activity over basehne [115]. Un- 
fortunately, such a comparison is prone to over- 
estimation of the absolute levels of iNOS activ- 
ity, and may have little bearing on total NOS 
activity. Since Heger et al. did not present to- 
tal NOS activity, a direct comparison with our 
model cannot be made [1 15]. Additional variables 
influencing the differences in phenotype may in- 
clude epigenetic transgene dosing effects, or adap- 
tive compensatory effects of other loci such as 
the up-regulation of genes regulating substrate 
(L-arginine) or cofactor (BH4) availability, or ox- 
idative stress prevention (SOD) in the aMHC- 
iNOS mice. 



Cardiac iNOS Genetic Models: ‘Another Time 
and Place... ’ 

The iNOS-/-, aMHC-iNOS and iNOS+/aMtTA+ 
models are important tools with which to uncover 
insights into the roles of iNOS in a variety of rele- 
vant physiological and developmental pathways. 
A large body of data has been generated using 
iNOS-/- mice to determine whether this mole- 
cule is necessary in several inflammation-related 
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processes. Experiments focusing on cardiac patho- 
physiology using the iNOS~''“ model have high- 
lighted both survival benefit and detriment. These 
experiments support the notion of iNOS"''“ as 
a ‘double edged sword’. Indeed, iNOS represents 
an essential component necessary for proper im- 
mune function, but conversely may be involved 
in cytotoxicity, when ectopically induced or over- 
expressed, for example in cardiac or vascular 
myocytes. These insights suggest that a better un- 
derstanding of iNOS biology holds promise for hu- 
man therapy, and that simplistic pharmacological 
manipulations may be problematic. 

Increasingly sophisticated and powerful 
murine genetic models should provide even 
further insights into processes where iNOS mod- 
ulates pathophysiology. For example, the iNOS+/ 
aMiTA"*" mice have suggested that cardiomyocyte 
iNOS function contributes to cardiomyopat% and 
is sufficient to cause lethal brady-arrhythmia. 
This model will also allow the design of ex- 
periments that test titratable and regulatable 
cardiomyocyte-specific iNOS activity in a variety 
of relevant cardiovascular processes that relate 
to heart failure. 



Summary 

The mouse is the most ideal genetically modifi- 
able mammalian model presently available. Spa- 
tial expression problems have been overcome with 
tissue-specific promoter elements, and reversible 
transcriptional strategies allow precise temporal 
modulation of transgene expression. Additionally, 
gene ablation techniques are increasing in sophis- 
tication, and can provide insights complementary 
to over-expression models. The use of engineered 
LoxP sites and conditional tissue-specific expres- 
sion of the LoxP-targeted Cre recombinase, have 
been used to produce ‘conditional tissue-specific 
knockouts’, that overcome limitations of tradi- 
tional knockouts [116]. Moreover, the recent dis- 
covery of RNAi methodology [117], in combination 
with a conditional tissue specific promoter may 
provide ‘reversible’ tissue-specific gene silencing 
in the future. 

While the production and use of both knock- 
out and transgenic over-expression models have 
informed on the sufficient and necessary roles for 
NOS, there remains inherent complexities as to 
the absolute isoform-specific sources of NO and 
other possible reaction products of NOS (e.g. Og, 
ONOO“). While these shortcomings must be taken 
into consideration in any model examined, the 
studies using these experimental systems exem- 
plify important methodologies in the present post- 
genomic era that will aid in defining cardiovascu- 
lar pathophysiology at the molecular level. 
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Abstract. Nitric oxide (NO) plays a critical role in ischemic 
heart disease and ischemia-reperfusion. There is an increas- 
ing hody of evidence to support the role of NO in myocar- 
dial and vascular protection in disease. The finding that NO 
might act as a trigger of late ischemic preconditioning (IPC) 
might lead to the development of novel anti-ischemic ther- 
apy. The role of NO signaling in the cardioprotective effects 
of ACE inhibitors and angiotensin II type 1 receptor(ATi ) 
receptor antagonists is an active area of study. 
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Introduction 

The nitric oxide (NO) story is fraught with reports 
of both beneficial and deleterious effects in the 
same tissue. NO plays important roles in cardiac 
and vascular physiology and pathology [1,2]. The 
role of NO in cardioprotection during ischemia- 
reperfusion [3] as well as its cardiotoxicity via 
peroxynitrite formation in ischemia-reperfusion 
injury [4] have been reviewed in the first sym- 
posium issue. Evidence indicates that NO is a 
ubiquitous cellular messenger that acts by sev- 
eral mechanisms, including the activation of sol- 
uble guanylate cyclase, nitrosylation of thiols and 
formation of peroxynitrite. In general, the action 
of NO depends on the oxidative conditions in the 
cell. This review is focused on the cardiovascular 
protective effects of NO in 3 key areas. 

NO and Ischemic Preconditioning 
Cumulative evidence indicates that NO plays a 
critical role in ischemic preconditioning (IPC). 
This phenomenon, whereby brief episodes of my- 
ocardial ischemia render the heart resistant to 
subsequent episodes has been viewed as an adap- 
tive defence mechanism. The two phases of IPC 
were elegandy reviewed by BoUi [5,6]. An early 
phase of IPC that lasts between a few minutes 
to 3 hours after the stimulus seems to be initi- 
ated by receptor-ligand interaction and followed 
by activation of intracellular targets mediated by 
G-protein [1,7]. In contrast, a late phase of IPC 
(Fig. I) that develops after 12 hours and lasts for 
3 to 4 days, involves several signaling molecules 



and downstream synthesis and activation of sev- 
eral enzymes and effector proteins [6,8]. Key sig- 
naling molecules in late IPC (Table 1) include NO 
[6,9-11], the protein kinase C (PKC)-e isoform 
or PKCe [12], and several others [13-19]. Impor- 
tantly, several NO donors were shown to mimi c 
IPC [20,21]. 

Several studies over nearly 2 decades sup- 
port the concept of IPC-induced cardioprotection 
and the role of NO. Early IPC, consisting of 
four 5-minute episodes of ische mi a separated by 
10-minute reperfusion periods, was first shown to 
limit infarct size following 40 minutes of coronary 
occlusion in dogs by Murry et al. [22] . Late IPC was 
then shown to protect against myocardial stun- 
ning and infarction using several animal models 
[23-28]. 

The longer duration of protection afforded by 
late IPC has triggered clinical interest and exten- 
sive research (for review see Dawn and BoUi) [29]. 
Although several molecules (including adenosine, 
reactive oxygen species [ROS] and NO) have been 
implicated in late IPC using various inhibitors, 
recent studies suggest that NO acts as a trigger 
for late IPC [5,16,17,30], possibly via generation 
of peroxynitrite and/or secondary ROS. Recently, 
nitroglycerin was shown to induce late IPC in hu- 
mans [31], This finding provides an explanation 
of some for the beneficial effects of the dmg ob- 
served in the setting of more prolonged ische mi c 
injury as in myocardial infarction with or without 
repeiiusion [30,32-37]. Importantly, this new pro- 
tective effect of nitroglycerin was not affected by 
the development of nitrate tolerance [31]. 



NO in Ischemia-Reperfusion 

Myocardial reperfusion after prolonged ischemic 
episodes of 20 minutes or more is associated with 
reperfusion injury [38,39], myocardial stunning 
[40-42] and variable amounts of necrosis [43,44] 
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Fig. 1. Postulated role of nitric oxide in the late IPC response. Schematic of cellular mechanisms. Based on reference 29. COX-2, 
cyclooxygenase-2; IPC, ischemic preconditioning; eNOS, endothelial NO synthase; iNOS, inducible NO synthase, NF-kB, nuclear 
factoi^icB; NO, nitric oxide; PKCe, protein kinase Ce; PTKs, protein tyrosine kinase. 



and apoptosis [45,46] depending on the duration of 
ischemia. Persistent left ventricular dysfunction 
and myocardial perfusion-function mismatch are 
significant clinical problems following reperfusion 
[47]. Although early reperfusion has addressed 
part of the problem [48], adjunctive therapies are 
still needed. 

The role of NO in ischemia-reperfusion has been 
reviewed [49]. Cumulative evidence suggests that 
ischemia-reperfusion results in the production of 
an excess of oxygen free radicals (OFRs) which 
contribute to endothelial damage and ventricular 



Table 1. Key signaling molecules in late IPC 



Molecule 


Reference 


Nitric oxide (NO) 


[6,9,10] 


Protein kinase C (PKCe) 


[12] 


Protein tyrosine kinase (PTKs), Src, Lck 


[13] 


Nuclear factor-iicB (NF-»-B) 


[14] 


Inducible nitric oxide synthase (iNOS) 


[11,15-17] 


Cyclooxygenase-2 (COX-2) 


[18] 


Aldose reductase 


[19] 



dysfunction [49]. The interaction of NO and su- 
peroxide results in the formation of peroxynitrite 
and high concentrations of peroxynitrite are con- 
sidered cytotoxic [50,51]. Peroxynitrite has also 
been linked to ischemia-reperfusion injury [52,53], 
although this has resulted in some controversy 
[3,49]. 

The role of NO in apoptosis is controversial. 
Recently, the inhibition of eNOS (NOS 3) was sug- 
gested to potentiate ischemia-reperfusion-induced 
apoptosis via a caspase-3 dependent pathway 
[54]. It is pertinent to note that (i) eNOS is ex- 
pressed in coronary endothelium, endocardium 
and cardiac myocytes, and (ii) regulates vascular 
smooth muscle cell tone, permeability and platelet 
adhesion of endothelial cells, receptor-effector cou- 
pling, energetics, contractility as well as apop- 
tosis of cardiomyocytes [55,56]. Recently, Arstall 
et al. [57] showed cytoMne-mediated cardiomy- 
ocyte apoptosis associated with iNOS induction 
and peryoxynitrite generation. 

Increased inducible NOS (iNOS or NOS 2) has 
been implicated in the pathophysiology of myocar- 
dial dysfunction in several conditions, including 
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the inflammatory reponse in heart failure [58], 
myocarditis [59], cardiac rejection [60,61], and 
other forms of heart failure [62-64]. It is now well 
recognized that very high levels of NO can be pro- 
duced by iNOS induction and prove detrimental 
to cardiomyocytes. 

The role of oxidant stress with NO inactivation 
by superoxide and other reactive oxygen species, 
and endothelial dysfunction in several cardiovas- 
cular diseases has been reviewed [65]. Loss of 
NO associated with risk factors (such as hyper- 
tension, h 3 ^ercholesterolemia, diabetes meUitus, 
and cigarette smoking) is thought to predispose to 
atherosclerosis and its sequelae. 

Cardioprotection and Angiotensin II 
Blockade 

The renin-angiotensin system (RAS) and its 
major effector molecule angiotensin II (Angll) 
are upregulated during ischemia-reperfusion [66], 
myocardial infarction [67] and heart failure 
[68]. The effects of excess Angll are consid- 
ered deleterious so that Angll blockade is 
desirable [69]. The RAS present in the endothe- 
hum produces vascular Angll [70] which stimu- 
lates the membrane-bound NAD/NADPH oxidase 
system to generate superoxide, which in turn 
inactivates NO and leads to peroxynitrite for- 
mation thereby causing impaired endothelial- 
dependent relaxation, thrombosis, inflammation 
and other deleterious effects [65,71,72], The 
effects of Angll (physiological and pathologi- 
cal) are mediated mainly through the Angll 
type 1 (ATi) and type 2 (AT2) receptors [73]. 
The AT 2 receptor, normally abundant in the 
fetus, is re-expressed in adult hearts after 
ischemia-reperfusion [74—80], myocardial infarc- 
tion [81] and heart failure [82]. The AT 2 re- 
ceptor is thought to antagonize the effects of 
the ATi receptor, thereby exerting vasodilatory, 
proapoptotic, antigrowth, and antihypertrophic 
effects [73]. 

There is now increasing evidence suggest- 
ing that the beneficial effects of angiotensin- 
converting enzyme (ACE) inhibitors are not 
only due to inhibition of Angll formation by 
ACE but also to increased bradykinin levels and 
bradykinin-induced release of NO and prosta- 
cychn [83]. ATi receptor antagonists block the 
effects of Angll mediated by the ATi receptor 
and results in unopposed AT 2 receptor stim- 
ulation, which leads to increased bradykinin, 
NO and cGMP [76,84—86], and PKCf activation 
[76,86]. This increase in NO is thought to be 
derived fromeNOS. In some studies, ATi receptor 
blockade did not increase flow despite an overall 
cardioprotective effect after ischemia-reperfusion 



[87] or failed to improve function [88,89] or 
decrease infarct size [90]. AT 2 receptor block- 
ade during in vitro ischemia-reperfusion also 
upregulated AT 2 receptor expression [74,89], 
triggered an increase in PKCe expression and 
cGMP levels [74] and induced cardioprotection 
[74,89]. Cardioprotection during IPC was also 
suggested to involve NO and PKC signaling [91]. 
Recently, NO was shown to downregulate the ATi 
receptor [92]. 

We have examined the hypothesis that AT 2 
receptor activation and downstream signaling 
through bradykinin, PKCe, NO and cGMP might 
contribute to cardioprotection during ATi recep- 
tor blockade in an in vivo dog model of ischemia- 
reperfusion [79], We found that ATi receptor 
blockade with candesartan alone improved global 
systohc and diastohc function, li mited acute EV 
remodehng, decreased infarct size and produced 
regional increases of the AT2 receptor and PKCe 
proteins as weU as cGMP in the ischemic zone. 
Importantly, the AT 2 receptor antagonist and the 
inhibitors of BK, PKCe and NOS attenuated these 
beneficial effects of ATj receptor blockade as well 
as the regional increase in AT2 receptor and 
PKCe proteins. The overall findings of that study 
suggest that AT 2 receptor activation and signal- 
ing through bradykinin, PKCe, NO and cGMP 
play a significant role in the cardioprotective ef- 
fect of ATi receptor blockade during ischemia- 
reperfusion. 

In a recent report, the absence of NO in eNOS 
knock-out mice significantly decreased the cardio- 
protective effects of ACE inhibitor and ATi recep- 
tor blockade after MI [92]. In another study [93], 
cardiac NO production due to ACE inhibition de- 
creased beta-adrenergic myocardial contractility 
in patients with dilated cardiomyopathy. In addi- 
tion, impaired NO production in dogs was asso- 
ciated with increased angiostatin and decreased 
coronary angiogenesis [94]. 

It therefore appears that PKCe, NO and 
cGMP signaling may be a common pathway for 
cardioprotection. 



Conclusion 

Collective evidence suggests that NO can be 
cardioprotective or detrimental depending on sev- 
eral factors. In IPC, NO appears to be beneficial. 
In ischemia-reperfusion, the interactions between 
NO and the multitude of proteins, peptides, in- 
flammatory cytokines, growth factors, angiotensin 
n and oxygen free radicals are complex. Thera- 
pies that enhance NO availability by increasing 
endothelial eNOS and new NO donors might be 
effective for limiting EV dysfunction in reperfused 
infarction and heart failure. 
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Abstract. Nitric oxide degradation linked to endothelial 
dysfnnction plays a central role in cardiovascular diseases. 
Superoxide producir^ enzymes such as NADPH oxidase and 
xanthine oxidase are responsible for NO degradation as 
they generate a variety of reactive oxygen species (ROS). 
Moreover, superoxide is rapidly degraded hy superoxide dis- 
mutase to produce hydrogen peroxide leading to the uncou- 
pling of NO synthase and production of increased amount 
of superoxide. 

Angiotensin II is an important stimulus of NADPH oxi- 
dase. Through its ATi receptor, Ang II stimulates the long- 
term increase of several membrane component of NADPH 
oxidase such as P22 phox or nox -1 and causes an increased 
activity of NADPH oxidase with inactivation of NO leading 
to unpaired endothelium-dependent vasorelaxation, vascu- 
lar smooth muscle cell hypertrophy, proliferation and migra- 
tion, extracellular matrix formation, thrombosis, cellular 
infiltration and inflammatory reaction. Several preclinical 
and clinical studies have now confirmed the involvement of 
the ATi receptor in endothelial dysfunction. It is proposed 
that the AT2 receptor counterbalances the deleterious ef- 
fect of the Ang H-induced ATi receptor stimulation through 
bradykinin and NOS stimulation. This mechanism could be 
especially relevant in pathological cases when the NADPH 
oxidase activity is blocked with an AT] receptor antagonist. 

Key Words. NADPH oxidase, NOS, superoxide, oxidative 
stress, endothelial dysfunction, angiotensin receptor 
antagonist 



Introduction 

Angiotensin II (Ang II) is a major endocrine hor- 
mone and it plays a crucial central role in the 
pathogenesis of cardiovascular and renal diseases. 
It increases both vascular resistance and circulat- 
ing volume. It regulates kidney perfusion pressure 
producing vasoconstriction in the kidney, mainly 
of the glomerular efferent vessels, leading to an 
increased capillary glomemlar pressure. It con- 
trols tubular reabsorption. In addition to its clas- 
sical hormonal effects, Ang II also has important 
and long-term autocrine and paracrine properties. 
Indeed, Ang II acts well beyond its known hemo- 
dynamic targets. It affects drrecdy both vascular 
smooth muscle and endothelial cells. 

The endothelium, although it constitutes only 
a single cell layer along aU blood vessels, can be 
considered a real organ with a total surface area of 
750 m2 or roughly the size of three tennis courts. It 



is a central player for cardiovascular homeostasis. 
Indeed, the endothelium is the source of biologi- 
cally active mediators with opposite effects, vaso- 
constrictor and vasodilator substances, growth 
promoting and inhibiting factors, thrombogenic 
and thrombolytic agents. The endothelium is also 
the source of oxidative and antioxidative processes 
and the cell redox state is now a recognized key de- 
terminant of endothelial biology (Fig. 1). 

A complete renin-angiotensin system (RAS) is 
present in the endothelium [1]. Angiotensinogen 
can be locally formed but is mainly originated from 
the blood. Intact endothelium can produced Ang I 
and Ang II from renin taken up from the circula- 
tion and locally active angiotensin converting en- 
zyme (ACE). Removal ofthe endothelium or capto- 
pril treatment abolishes indeed the conversion of 
Ang 1 to Ang 11. Ang 11 ATi and ATj receptors have 
also been detected [1]. Ang II is therefore synthe- 
sized by the endothelium where it directly influ- 
ences its function. If the endothelium is the source 
of Ang n, it is also responsible for the synthesis of 
nitric oxide (NO), a potent vasodilator, which can 
be inactivated by superoxide anions [2]. 

Both Ang II and NO may be protective of or 
deleterious for target organs such as the endothe- 
lium, vascular SMC and mesangial cells as both 
affect vascular tone, fluid volume and remodeling. 
Therefore, an imbalance between Ang II and en- 
dothelial NO/reactive oxygen species (ROS) pro- 
duction constitutes a key factor in cardiovascular 
and renal injury. 

Endothelial dysfunction is clearly link ed to in- 
creased oxidative stress i.e. production of the 
oxidants peroxynitrite (ONOO“) and hydrogen 
peroxide (H 2 O 2 ) responsible for alterations in 
vasorelaxation, SMC proliferation, thrombosis, 
and an inflammatory reaction with cellular in- 
filtration. These functional alterations lead to 
structural changes and clinical sequelae such 
as myocardial infarction, ischemia, congestive 
heart failure, stroke and death. Thus, excess 
vascular superoxide reduces NO bioavailability 
and promotes further vascular oxidative stress. 
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Fig. 1. Endothelium plays a key role in cardiovascular and 
renal diseases. It is the source of factors having opposite effects. 

Interestingly, endothelium dysfunction appears 
first in life, before development of cardiovascular 
diseases [3,4]. Clearly, risk factors such as hyper- 
tension, dyslipidemia, diabetes or smoking alter 
both the cell redox system of the vessel and en- 
dothehal function. There are a number of recent 
reviews of endothelium dysfunction [5-10]. This 
paper will therefore summarize the various con- 
stituents involved in oxidative stress and describe 
the role of Ang II in endothelial dysfunction. A 
more detailed discussion of the potential function 
of the two angiotensin receptors, ATi and AT2, 
in the regulation of NO production also will be 
presented. 

Nitric Oxide Synthase (NOS) 
and Nitric Oxide 

NO is not only responsible for air pollution, acid 
rain and depletion of the ozone layer, it also plays 
a major role in cardiovascular and endothelial 
function. NO is an important messenger in many 
signal transduction processes. Blood flow across 
the endothehal cell surface (shear stress) and 
chemical mediators such as acetyl chohne (ACh), 
bradykinin (BK), Substance P, and ^ adrenocep- 
tor agonists stimulate the production of the free- 
radical NO from arginine in a complex reaction 
that is catalyzed by a constitutive neural (NOS I 
ornNOS) or endothelial (NOS III oreNOS) nitric 
oxide synthase (NOS) [11]. 

NADPH H2O 

L-ArgL y ^ Citrulline + NO 

O2 — NADP* 



Nitric oxide synthase, a Ca'*"''-dependent en- 
zyme is closely related to cytochrome P 460 en- 
zymes and requires NADPH (Nicotinamide Ade- 
nine Dinucleotide Phosphate) and O 2 as cofactors. 
In fact, the carboxyl-terminal half of NOS cDNA 
resembles that of cytochrome P 460 oxygenase: both 
contain two binding sites for flavins and one for 
NADPH [12]. The activity of NOS can be inhib- 
ited by endogenous analogues of L-arginine such 
as asymmetric dimethylarginine. 

NO diffuses freely across the abluminal and lu- 
minal surfaces of the endothelial cell to vascular 
SMC and subintimal macrophages. It has a very 
short half-life, less than a few seconds, because 
it is highly reactive with reactive oxygen species 
ROS. There is another NOS, which is inducible by 
inflammatory cytokines and by Ang II in a Ca''"'"- 
independent manner (NOS II or iNOS). This iNOS 
is increased in the failing heart, in perivascular in- 
jury and is deleterious as it stimulates neointima 
growth, myocardial dysfunction and inflammatory 
reactions [13-15]. 

At low concentrations, such as after ACh stim- 
ulation, NO relaxes arteries by a cGMP inde- 
pendent mechanism, which involves cGMP ki- 
nase 1 and a voltage-dependent K"*" channel 
causing hyperpolarization, increased intracellu- 
lar K'*' levels and calcium store refilling via 
the sarco/endoplasmic reticulum calcium ATPase 
(SERCA) [16,17]. The antihypertrophic effect of 
NO is also cGMP kinase 1 -dependent in cardio- 
myocytes in culture [18]. 

In pathophysiological states, NO is present at 
high concentrations and acts through a cGMP de- 
pendent mechanism involving a cAMP kinase or 
soluble guanylate cyclase [16]. 

NO regulates blood flow distribution between 
arterioles and the microvasculature by affecting 
the diameter of small arteries. It improves arte- 
rial elasticity and distensibility with a reduction 
of pulse wave velocity [19,20]. It also decreases 
arterial permeability. In the heart, NO produces 
myocardial relaxation and improves cardiac con- 
tractility [21]. In the kidney, NO mainly dilates 
glomerular afferent vessels and reduces tubular 
Na"*" reabsorption [22]. It has major antihypertro- 
phic effects and also reduces leukocyte-endothelial 
cell interactions, platelet adhesion and aggrega- 
tion and LDL oxidation. It decreases ACE mRNA 
in the endothelium, down-regulates the ATi recep- 
tor in vascular smooth muscle cells (SMC) and in- 
hibits endothelin production [23-25]. Chronic in- 
hibition of NOS is clearly linked to activation of 
the tissue RAS, endothelin production and inflam- 
matory changes associated with increased produc- 
tion of Transforming Growth Eactor ^ (TGF^), fi- 
bronectin, type I collagen, monocyte chemoattrac- 
tant protein- 1 (MCP-1) and monocyte/macrophage 
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ED-1 [26-29]. In summary, NO can be considered 
as a physiological antagonist of Ang n. 

Redox Signal Mediators 

Reactive Oxygen Species (ROS) such as superox- 
ide (Op, hydrogen peroxide (H 2 O 2 ), peroxinitrite 
(0N00~) and hydroxyl radicals (0H‘) alter many 
cellular processes. Smooth muscle cells and ad- 
ventitial fibroblasts account for the most impor- 
tant source of superoxide anions in the vessel wall 
[30] and various pathways have been described for 
their production. 

One of these, the mitochondrial respiratory 
chain, acts through a NADH dehydrogenase that 
requires succinate, ADP and O2 as substrates, 
and can produce Oj. Physiological concentrations 
of NO can stimulate this reaction by inhibit- 
ing cytochrome oxidase and cytochrome C re- 
ductase in rat heart mitochondria [31]. Addi- 
tional sources of ROS are Cyt P460 reductase, 
hpoxygenase/cyclooxygenase. However, the most 
important enzymatic pathways responsible for 
endothehal dysfunction involve xanthine oxidase, 
the uncoupling ofeNOS and NADPH oxidase [7]. 

Xanthine oxidase, a molybdenum- and iron- 
containing flavoprotein, oxidizes hypoxanthine to 
xanthine and then to uric acid. Molecular O2 is 
the oxidant in both reactions and is reduced to 
H2O2 , which is further decomposed to H2O and O2 
by catalase. This mechanism was proposed from 
studies in spontaneous h}q5ertensive rats (SHR) as 
the xanthine oxidase inhibitor allopurinol blocked 
the reaction and decreased blood pressure [32]. 

Wu and de Champlain [33] have shown that 
the addition of xanthine oxidase to cultured aortic 
SMC induced the formation of Oj. A consequent 
increased tyrosine kinase and phospholipase Cy 
(PLCy) activity caused a rise in intracellular 
and ceU contraction and proliferation. In addition 
to this mechanism, decreased soluble guanylate 
cyclase activity leads to a decreased cGMP which 
then results in stimulation of IP 3 production and 
increased intracellular Ca"''"*'. This effect is signif- 
icantly greater in cells from SHR than from Wis- 
tar Kyoto (WKY) rats. NOS itself can also be a 
paradoxical source of O^. In either the absence 
of arginine, with auto-oxidation or a deficiency of 
tetrahydrobiopterin BH 4 , a co-factor essential for 
NO synthase activity, NOS is uncoupled and gen- 
eration of O2 occurs [34]. 

Therefore, depending on the ceU environment, 
NOS may generate either NO or O2. 

The membrane -bound NAD /NADPH oxidase is 
the most powerful source ofendogenous Oj pro- 
duction [6,35]. It is a key- target for Ang II. Protein 
kinase C and phospholipase D have been proposed 
to be involved in the activation of NADPH oxidase 
[36-38]. NADPH oxidase is a flavocytochrome b 



heterodimer consisting of two protein subunits, 
p22-phox and either p91-phox in fibroblasts or 
Noxl in smooth muscle cells. These subunits are 
glycosylated and bind two heme molecules and 
one flavin adenine dinucleotide (FAD) moiety. 
Upon activation, which occurs over a period of 
hours, at least two cytosolic proteins are trans- 
lated, p47-phox and p67-phox, as well as a small 
GTP-binding protein rac2. P47-phox is extensively 
phosphorylated during oxidase activation. These 
proteins interact with each other and the flavo- 
cytochrome. The endothelium, vascular SMC, ad- 
ventitial fibroblasts as weU as inflammatory cells 
express the element constitutive of the NADPH 
oxidase in variable amounts [6,39]. After carotid 
injury, the increased superoxide production de- 
rived from medial and neointimal smooth muscle 
cells and adventitial fibroblasts and the subunits 
of NADPH oxidase are expressed in a sequential 
manner [30]. Ang II can also generate growth- 
promoting ROS through ATi receptor mediated 
epidermal growth factor (EGF) receptor trans- 
activation [40,41] and the involvement of the reac- 
tive oxygen species has been demonstrated in this 
effect [42]. The Tyr kinase cSrc is autophosphory- 
lated by Ang II and constitutes a signaling mecha- 
nism that links H2O2 and EGF receptor phospho- 
rylation leading to activation of protein kinase B 
(PKB) and extracellular signal-regulated ki nase 
(ERK) cascades, protein synthesis and cell growth 
and proliferation (Fig. 2). Other growth-promoting 
receptors such as plasma-derived growth factor 
(PDGF) and insulin-like growth factor (IGF) can 
also be transactivated by Ang II [43,44]. 

Thus, Ang n activates NADPH oxidase. Various 
arguments support this interaction. First, this is 
specific for Ang II as it is not observed after nor- 
epinephrine stimulation [45]. Secondly, treatment 
with hposome encapsulated superoxide dismutase 
(SOD) restored blood pressure to normal levels in 
Ang Il-infused rats [46]. Thirdly, Ang Il-induced 
stimulation is accompanied by an upregulation of 
p22-phox, which was abohshed by p22-phox anti- 
sense, diphenylene iodonium (DPI), an inhibitor 
of the flavoprotein component of NADPH oxidase, 
and overexpression of catalase in vascular SMC 
[35,47,48]. Finally, it is inhibited following RAS 
blockade [49-51]. In contrast to NO, Oj is not 
membrane permeable and the impaired electron 
passes from one molecule to another in a radi- 
cal chain reaction. These redox events occur not 
only in the cytoplasm and the nucleus but also in 
the interstiti^ space. There is activation of redox- 
sensitive kinases and inactivation of specific phos- 
phatases such as Protein-Tyrosine Phosphatase 
PTB-lBand2B. 

O2 is rapidly formed in response to Ang II but 
has hmited diffusion capabihty and is rapidly de- 
graded by superoxide dismutase (SOD) to produce 
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Fig. 2. The angiotensin ATj receptor mediated EGF receptor transactivation through stimulation of the reactive oxygen species 
(ROS). 



hydrogen peroxide, which may cause the uncou- 
pling of NOS and further stimulation of Oj produc- 
tion. Three mammalian SODs have been described 
[5\.T\\e.cytosolic I SOD is upregulated 
by laminar shear stress in human endothelial cells 
in culture [52]. The mitochondrial SOD ap- 
pears involved in dismutating the generated by 
the respiratory chain. Finally, the principal extra- 
cellular IZri^^ SOD is produced in fibrob- 
lasts, in vascular endothelial cells, extracellular 
matrix and in the lungs and then secreted into 
the extracellular fluid [53]. 

The physiological effects of NO and superox- 
ide anions depend on their local concentrations. 
Under normal conditions, only a small amount of 
superoxide anions are formed and processed by 
SOD to generate H 2 O 2 . Depending on the superox- 
ide: NO stoichiometry, peroxinitrite could also be 
produced as observed in endothelial cells stimu- 
lated with Ang II [54]. 

Endothelial dysfunction in SHR is associated 
with an excess of superoxide production compared 
with normotensive rats rather than a diminished 
NO generation [5,22,23]. The increased quantity 
of Oj overwhelms the production of NO and in such 
situations, the H 2 O 2 production is limited only by 
the availability of SOD. H 2 O 2 can be detected as 
early as 1 min after addition of Ang II [55]. Ang 
II induces an almost 3 -fold increase in superox- 
ide production and a 5 -fold accumulation of H 2 O 2 
in vascular SMC [55]. Whereas Ang II activates 
ERKI/2 through Oj, H 2 O 2 induces cell prolifera- 
tion through p38 MAP kinase and PKB stimula- 



tion. Studies using NADPH oxidase inhibitors and 
overexpression or inhibition of catalase activities 
confirmed these pathways [36,48]. 

H 2 O 2 also increases eNOS mRNA and PLD ac- 
tivity. eNOS causes the formation of NO and a 
small amount of Og, which is immediately scav- 
enged by NO. However, in pathological circum- 
stances, large amounts of Og are formed, which 
inactivates NO and leads to the production of per- 
oxynitrite 0N00~, and ultimately to impaired 
endothelium-dependent vasodilation. Both super- 
oxide anions and H 2 O 2 can be transformed into 
hydroxyl radicals (OH“), which through cycloxy- 
genase COX 1 , can catalyze the production of vaso- 
constrictor prostanoids such as PGH2. H2O2 may 
also act as an endothelial-derived hyperpolariz- 
ing (EDHP) agent, hyperpolarizing the cells and 
affecting K+ channels [56]. In addition, massive 
scavenging of NO stimulates the release of en- 
dothelin and accelerates the pathological process 
[57]. 

Involvement of the Angiotensin 
AT I Receptor 

Ang II and vascular stretch are potent endogenous 
stimuli of vascular NADPH oxidase [58]. Mem- 
brane NADPH oxidase plays a central role in the 
signaling mechanism in the endothelium. Inter- 
estingly, stretch of vascular smooth muscle stimu- 
lates Ang II release [52,59]. The majority ofthe bi- 
ological effects of Ang II occur following its binding 
to and activation of the ATi receptor. 
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Production of Oj and other reactive oxygen 
species leads to the deleterious effect of Ang 
II: impaired vasodilation, vascular SMC hyper- 
trophy, prohferation and migration, extracellular 
matrix formation, thrombosis and cellular infiltra- 
tion and inflammatory reactions. Through the ATi 
receptor, Ang II induces PDGF, IFG and TGF/3 
expression and the matrix metalloproteinase ac- 
tivity involved in vascular remodeling [45,60]. Ac- 
tivation of the ATi receptor is also responsible for 
the stimulation of plasminogen activator i nh ibitor 
-1 (PAI-1) and tissue factor (TF), both in vitro 
and in vivo and therefore will affect thrombolytic 
homeostasis [61-63]. Stimulation of the ATi 
receptor activates the chemoattractant protein 
MCP-1, adhesion molecules VCAM-1 and ICAM-1, 
cytokines such as tumor necrosis factor (TNFa) 
and causes an inflammatory reaction as observed 
in atherosclerosis or diabetes [63—65] . Increased 
tissue Ang II and ACE expression occur after vas- 
cular injury or inflammatory reactions [66—69] 
and magnify endothehal dysfunction, further de- 
creasing NO and increasing ROS and result in a 
deleterious vicious cycle [10], There is no doubt 
that blockade of the RAS improves endothelial 
function in both human and experimental animals 
and suggests a reduced superoxide production and 
an increased NO availability [70,71]. Large clini- 
cal trials such as TREND have con fir med these ob- 
servations [72]. Eurthermore, the beneficial effect 
observed in the HOPE trial extends well beyond 
the 2-3 mm Hg fall in blood pressure and sub- 
stantiates a beneficial effect of RAS blockade on 
endothelium function [73]. Several studies have 
now confirmed that RAS blockade confers addi- 
tional benefit over that of blood pressure reduc- 
tions per se. Comparing the effect of losartan and 
atenolol after 1 year treatment in patients with 
mild hypertension, Schiffrin et al. [74,75] observed 
a significant reduction of the medial/luminal ra- 
tio of resistance gluteal arteries and improvement 
of the endothehum-dependent relaxation. These 
benefits occurred after treatment with the an- 
giotensin receptor blocker only and not after 
blockade [74,75]. 

Eollowing the se min al observation by 
Griendhng et al. [35] showing that Ang II 
stimulates intracellular superoxide anion forma- 
tion in vascular SMC in culture through increased 
NADPH oxidase activity, many reports have con- 
firmed the role of the ATi receptor. Losartan de- 
creased p22-phox mRNA expression and NADPH 
oxidase activity in cultured vascular SMC as well 
as in aorta from hypertensive rats [46,55,76]. 
Treatment of one kidney one chp hypertensive rat 
with losartan decreased superoxide generation by 
40% in isolated aortic rings [77]. In SHR, irbesar- 
tan administered for 14 weeks reduced p22-phox 
and superoxide anion to levels si mi lar to those ob- 



served in WKY. This normalization accompanied 
the improvement of ACh-induced vasodilation, 
aortic media thickness and cross-sectional area 
[22], In contrast, amlodipine or hydrochloroth- 
iazide/hydralazine were significanly less effective 
in reducing superoxide and p21phox than irbesar- 
tan, although they aU produced a si mi lar fall in 
blood pressure in stroke prone SHR [78]. Losartan 
treatment for 1 6 weeks markedly reduced myocar- 
dial oxidative stress in rats with congestive heart 
failure after myocardial infarction [79]. Similarly, 
patients with coronary artery disease treated with 
irbesartan showed a significant decreased super- 
oxide generation and hpid peroxidation and a con- 
comitant reduction in monocyte binding capacity, 
soluble TNFa and VCM-1 levels [80]. Losartan 
also improved flow-dependent endothehum 
mediated relaxation by more than 75% as the 
SOD activity was increased by more than 200% 
[51].Thus, there is clearevidence forincreased NO 
bioavailabihty, decreased oxidative stress and rise 
of SOD activity after ATi receptor antagonism. 



Involvement of the ATz Receptor 

Eollowing blockade of the ATi receptor, there is 
an increased production of renin as the regulatory 
negative feedback mech ani sm is no longer oper- 
ative at the juxta-glomerular cell level. As a re- 
sult, plasma Ang II increases [81-83] and stimu- 
lates the AT 2 receptor, which is unaffected by the 
selective ATi receptor antagonist. Although the 
ATa receptor is usually expressed at low density 
in adults, it is upregulated in pathological states 
such as vascular injury, salt depletion, heart fail- 
ure or cardiac hypertrophy [84—87]. Pharmacologi- 
cal studies indicate that there is crosstalk between 
ATi and ATa receptors and stimulation of the ATa 
receptor opposes the effect of the ATi in a Yin and 
Yang manner [88]. Whereas stimulation of the ATi 
receptor leads to cellular growth and hypertro- 
phy, angiogenesis, vasoconstriction, interstitial fi- 
brosis and cardiac remodeling, ATa receptor stim- 
ulation causes opposite effects, antiproliferation 
and apoptosis, antiangiogenesis, vasodilation, de- 
creased neointimal formation and inh ibition of 
cardiac remodehng [88—91]. 

Some of the beneficial effects of ATa receptor 
stimulation appear to be li nk ed to the stimulation 
of a bradykinin-nitric oxide cascade [92-96]. Guan 
et al. [97] demonstrated an attenuation of the 
blood pressure lowering effect of an angiotensin 
receptor blocker and ACE inibitor following NOS 
blockade and was probably the first to suggest a 
contribution of NO to the blood pressure reduc- 
tion mechanism of the RAS blockers. Liu et al. 
[98] have confirmed that the bradykinin recep- 
tor B2 antagonist icataban, like the ATa receptor 
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blocker PD 1233 19, reversed the beneficial effect of 
losartan in rat with coronary ligature. Similarly, 
infusion of Ang II produced an increase in cGMP 
content in aorta of stroke prone SHR treated with 
losartan [99]. Again, this effect was reduced by 
icataban or by PD 1233 19 but was not affected by 
a potassium channel opener minoxidin and is thus, 
independent of any effect on blood pressure. In 
AT 2 receptor knockout mice with coronary liga- 
tion, valsartan increased ejection fraction and car- 
diac output, decreased LV dimension and myocyte 
cross-sectional area and the interstitial collagen 
fraction was significantly reduced compared with 
wild type mice following coronary ligature. In con- 
trast, enalapril improved cardiac function and re- 
modeling similarly in both strains [100]. 

Superoxide formation due to NADPH oxidase 
stimulation increased by 37% when human en- 
dothelial cells were stimulated with Ang II but 
by 73% in the presence of PD 123319, an AT 2 re- 
ceptor antagonist [101]. The involvement of the 
AT 2 receptor was also demonstrated by showing 
a 30% increase of Tyr phosphatase activity, which 
was prevented by the selective Tyr phosphatase 
inhibitor vanadate [101]. Tyr phosphatase is in- 
deed part of the signaling mechanism of the AT 2 
receptor [102]. In vascular remodeling, activation 
of adventitial fibroblasts can lead to conversion 
into myofibroblasts in the adventia or in the me- 
dia. These cells then migrate toward the suben- 
dothelial space. De-differentiated vascular SMC 
also migrate to the neointima [103]. Metallopro- 
teinases and their tissue inhibitors (TIMP) control 
this migration and the mechanism is re mi niscent 
of a fetal gene program. Local application of Ang 
II to intact carotid arteries of normotensive rat 
induces adventitial thickening with increased cel- 
lularity characterized by DNA synthesis, neovas- 
cularization and collagen deposition [104]. This 
effect was not observed after norepinephrine ap- 
plication. Most importantly, blockade of the ATi 
receptor as well as stimulation of the AT 2 recep- 
tor inhibits the effect of Ang II. There is significant 
upregulation of NADPH oxidase in restenosis af- 
ter carotid balloon injury [30]. Oj production was 
increased in the adventitia and m the innermost 
medial layer. There was a concomitant rise of the 
NADPH oxidase subunits, first p22 phox and nox 1 
in SMC and later, p91 phox in fibroblasts. Nox 4, 
a more recently described subunit of NADPH ox- 
idase increased at a later stage and could be re- 
sponsible for cellular differentiation [30]. The pre- 
vention of restenosis with valsartan as seen in the 
small clinical trial VAL-PREST may be due to the 
AT 2 receptor acting as a mediator of the beneficial 
effect of ATi receptor blockade [105]. 

Using a microdialysis technique, renal and in- 
terstitial fluid content of bradykinin (BK), the 
NO end products nitrite and nitrate and cGMP 



significantly increased following ATi receptor 
blockade with valsartan in sodium depleted con- 
scious rats. AT 2 receptor blockade with PD in- 
hibits this response and thus confirms the role of 
this receptor. Moreover, blockade of the response 
after icataban treatment demonstrated the in- 
volvement of bradykinin in the increase of re- 
nal NO and cGMP [106]. Combination of an an- 
giotensin receptor blocker with an ACE inhibitor 
to protect bradykinin from degradation leads to 
potentiation of the BK and cGMP levels in renal 
interstitial fluid. Again, this effect was blocked by 
theAT 2 receptor antagonist PD123319 [107]. 

Thus, interstitial generation of BK modulates 
NO production. It leads to the activation of cGMP, 
which is the final link in the biochemical cas- 
cade set in motion by AT 2 receptor stimulation 
following ATi receptor blockade. Over expression 
of the AT 2 receptor in SMC of transgenic rats pro- 
vided additional evidence of a linkage between the 
AT 2 receptor and the BK/NO cascade. These mice 
showed a decreased sensitivity to the Ang II pres- 
sure effect, which was restored after AT 2 recep- 
tor or BK type2 receptor blockade or NO synthase 
inhibition with an arginine analogue N^-nitro-L- 
arginine methyl ester (L-NAME). The vasodila- 
tory effect of the AT 2 receptor was associated with 
an increased cGMP production and activation of 
the kallikrein-kinin system [95]. 

NO down-regulates the ATj receptor expression 
[68]. It is therefore possible that increased NO pro- 
duction following AT 2 receptor stimulation may 
decrease the ATi receptor responsiveness. Locally 
produced Ang II produced a flow-induced vasodi- 
lation through endothelial AT 2 receptors and NO 
production in rat mesenteric resistance arteries 
perfused in situ. Selective blockade of the AT 2 re- 
ceptor with PD 1233 19 decreased significantly the 
vessel diameter. This effect was absent after NO 
synthesis blockade or after endothelial disruption 
[58]. 

Barber et al. [108] also reported that the AT 2 
agonist CGP 42112 potentiated the blood pressure 
lowering effect of candesartan in SHR. PD 1233 19 
abolish^ this effect. Similarly, Carey et al. [109] 
reported that chronic infusion of Ang II in ATi 
receptor blocked conscious Sprague Dawley rats 
produced a significant AT 2 receptor-mediated fall 
in blood pressure. This effect was increased by 
CGP42112, reversed by PD and inhibited by L- 
NAME, indicating the involvement of NO in the 
vasodilatory pathway of the AT 2 receptor. 

There are however reports conflicting with this 
general view of a beneficial effect of the AT 2 recep- 
tor stimulation. 

There was no evidence of an AT 2 receptor- 
mediated vasoactive response in normotensive 
rats measured with radioactive microspheres 
[110]. However, these rats were anaesthetized, PD 
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123319 was infused at a lower dose and for a 
shorter period than in Carey’s study [109]. Diver- 
gent vasoactive responses to AT 2 receptors occur 
in different vascular beds as proposed by Schuijt 
et al. [Ill] who observed that AT 2 receptor stim- 
ulation results in vasodilation in the coronary but 
not in the renal vasculature. Furthermore, this 
effect was enhanced in rats with myocardial in- 
farction. Such a distinction between vascular beds 
could be related to differences in Ang 11 receptor 
expression after NOS blockade. Both ATi and AT 2 
receptors were increased in the heart early after 
L-NAME administration [112] whereas the recep- 
tor density was not affected by NOS blockade in 
the renal cortex but significantly decreased in the 
medulla [113]. Both receptors in the cortex were 
however significantly decreased after ATi recep- 
tor blockade in this model [113]. Moreover, the ob- 
servation that candesartan and enalapril alone or 
in combination exerted similar kidney protection 
after L-NAME treatment suggested that the AT 2 
receptor did not appear to be an absolute require- 
ment [114]. The ACE inhibitor enalapril reduced 
serotonin endothelium-mediated endothelium- 
dependent vasodilation whereas blockade of the 
ATi receptor with valsartan did not [115]. Also, 
ceramide, a possible link in the signaling path- 
way of the AT 2 receptor [116,117], has no effect on 
NOS activity. It even decreased NO and increased 
superoxide resulting in inhibition of BK-induced 
vasorelaxation [118]. Einaly, Ang 11 stimulated in- 
flammatory reaction in activating NF-atB in vascu- 
lar SMC through both ATi and AT 2 receptors [1 19] 
and proximal tubular cell proliferation and apop- 
tosis observed after Ang 11 infusion in rats was 
blocked by both ATi and AT 2 receptor antagonist 
[ 120 ]. 

Thus, although cell culture and animal studies 
have clearly demonstrated a beneficial effect of the 
AT 2 receptor stimulation, its role in pathophysiol- 
ogy remains puzzling. Eurther work is needed to 
clarify the potential benefit of the AT 2 receptor. 

Involvement of Other Components 
of the RAS Cascade 

Metabolites of angiotensin are also involved in en- 
dothelial function. Ang 1-7 and Ang IV (Ang 3- 
8), alter endothelial function by inducing NO- 
mediated vasodilation although specific binding 
sites for these peptides have not yet been clearly 
defined [121]. Interestingly, ATi receptor block- 
ade inhibited Ang 1-7 induced NO release from 
primary bovine aortic endothelial cells by 60% 
whereas PD 123319 decreased it by 90%. Icata- 
bant totally abolished the effect of Ang 1-7 [122]. 
In contrast, both angiotensin ATi (L158809) and 
AT 2 receptor (PD1233 19) antagonists had no effect 



on Ang (1-7) induced dilatation of rabbit afferent 
arterioles microperfused in vitro [123]. 

Similarly, pretreatment with L-NAME blocked 
the vasodilatory property of Ang IV [124] but in- 
creased NOS activity and cGMP content in en- 
dothelial cells [125]. Aldosterone, the last step in 
the RAS cascade, reduced whereas its blockade in- 
creased endothelial NO bioactivity [126]. 



Conclusion 

There is a clear interaction between Ang 11 and 
NO and an imbalance between them play a critical 
role in cardiovascular pathology. Such an imbal- 
ance is well established in hypertension, renal in- 
sufficiency, dyslipidemia, atherosclerosis, diabetes 
and insulin resistance as well as in the aging pro- 
cess [44,127,128]. In atherosclerosis, Ang 11 facili- 
tates the recruitment of monocytes/macrophages 
in the vessel wall by activation of membrane 
bound NADPH oxidase and promotion of super- 
oxide radicals. Decreased vascular NO bioactivity 
promotes abnormal end-organ remodeling as Ang 
Il-induced hypertrophy appears to be mediated by 
intracellularly produced H 2 O 2 . 

Angiotensin ATi and AT 2 receptors are ideal 
candidates for maintaining a proper balance be- 
tween the vasodilator agent NO and the scavenger 
O 2 and other ROS. It is obvious from experimental 
data that Ang 11 acting through the ATi receptor 
stimulates a membrane bound NADPH oxidase 
that causes the accumulation of superoxide, hy- 
drogen peroxide and peroxinitrite. Superoxide 
scavenges NO and blocks its beneficial proper- 
ties. As a consequence, there is a stimulation of 
various MAP kinases, which promote growth and 
proliferation, as observed in cardiac and vessel 
hypertrophy and remodeling. Conversely, Ang 11 
stimulates the AT 2 receptor, which results in in- 
creased interstitial levels of bradykinin, NO and 
prostacyclin. There is a regulatory cycle (Pig. 3) 




Fig. 3. Interaction between Ang II and nitric oxide: The AT i 
and AT 2 receptors have opposite effects. 




144 de Gasparo 



that involves both the ATi and AT2 receptor. It is 
therefore proposed that in pathological states, the 
stimulation of the ATi receptor by increased cir- 
culating or tissue levels of Ang II, will stimulate 
growth and proliferation, affect vascular remodel- 
ing and produce an inflammatory response. In con- 
trast, blockade of the ATi receptor, which is accom- 
panied by increased circulating Ang II levels, will 
stimulate the AT2 receptor and oppose the effect of 
ATi receptor activation. This mechanism appears 
to be involved in the beneficial effects of the an- 
giotensin receptor blockers and deserves further 
work. 
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Abstract. Nitric oxide (NO) and endothelin-1 (ET-1) are 
endothelium-derived mediators that play important roles in 
vascular homeostasis. This review is focused on the role and 
reciprocal interactions between NO and ET-1 in health and 
diseases associated with endothelium dysfunction. We will 
also discuss the clinical significance of NO donors and drugs 
that antagonize ET receptors. 
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Introduction 

In addition to being the barrier between the 
circulating blood and the surrounding tissue, 
the endothelium plays a crucial role in regula- 
tion of vascular tone and cardiovascular home- 
ostasis. The endothelium modulates vascular 
tone by releasing endothelium-derived vasodila- 
tors, including nitric oxide (NO), prostacyclin, 
bradykinin, and endothelium-derived hyperpo- 
larising factor, and vasoconstrictors, such as 
endothelin-1 (ET-1) and angiotensin II, in re- 
sponse to a number of biochemical and physical 
stimuli. 

The vasodilator and platelet-regulatory func- 
tions of endothelium are impaired during the 
course of vascular disorders including atheroscle- 
rosis, coronary artery disease, essential hyperten- 
sion, diabetes mellitus and preeclampsia [1]. Ni- 
tric oxide and ET-1 are the major vasodilator and 
vasoconstrictor endothelium-derived substances, 
respectively, and their interactions in the car- 
diovascular system have been extensively stud- 
ied. Recent studies have suggested that an im- 
balance between NO and ET-1 may contribute to 
changes in vascular tone observed in these dis- 
ease states. Indeed, a number of vasculopathies 
associated with an impaired bioavailability of NO 
have been found to be linked to enhanced synthe- 
sis of ET-1, suggesting a crosstalk between these 
mediators. 

The aim of this article is to review the actions 
of the NO and ET-1 in cardiovascular physiology 
and during heart failure. We will also attempt to 
discuss the current status of therapeutic develop- 
ment of ET-1 receptor antagonists. 



Nitric Oxide in the Cardiovascular System 

Nitric oxide is a gaseous biological mediator 
that accounts for the vasodilator activity of 
endothelium-derived relaxing factor (EDRE) [2,3], 
a non-prostaglandin vasorelaxant substance first 
described in the endothelial cells by Eurchgott 
and Zawadzki [4]. Nitric oxide is generated from 
the guanidino-nitrogen of L-arginine yielding cit- 
rulline (for review see [5]), and plays a prominent 
role in controlling a variety of functions in the car- 
diovascular, immune, reproductive, and nervous 
systems [6-8]. 

Nitric oxide production is catalyzed by three 
major isoforms of NO synthase (NOS), neuronal 
(nNOS), inducible (iNOS), and endothelial (eNOS) 
enzymes [9-11]. The nNOS and eNOS are con- 
sidered to be constitutively expressed and acti- 
vated by calcium entry into cells [12,13], whereas 
iNOS is calcium-independent, and its synthesis 
is induced in inflammatory and other cell types 
by stimuli such as endotoxin and proinflamma- 
tory cytokines [14,15]. Although cDNAs for the 
respective proteins are found almost in all mam- 
malian cells, under physiological conditions, eNOS 
is the major NOS isoform expressed in the en- 
dothelial cells [16]. In contrast, inflammation and 
cell damage are often associated with the expres- 
sion of iNOS [16]. In the heart, both, eNOS and 
iNOS, have been involved in signalling pathways 
that modulate the contractile properties of cardiac 
myocytes. The eNOS isoform is expressed within 
the heart in the endothelium both of the endo- 
cardium and of the coronary vasculature, in car- 
diac myocytes, and in specialized cardiac conduc- 
tion tissue and its activity seems to be regulated 
by the contractile state of the heart [17,18]. In con- 
trast, iNOS expression is induced by cytokines in 
cardiac myocytes, endocardial endothelium, infil- 
trating inflammatory cells, vascular smooth mus- 
cle, fibroblast, and microvascular endothelium 
[18-20]. 
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Nitric oxide is generated and released from the 
endothelial cells both under basal and agonist- 
stimulated conditions. Shear stress and pulsatile 
flow are major stimuli that cause release of NO 
under basal conditions [21]. In the cardiovascular 
system, NO not only causes vessel relaxation, but 
also inhibits platelet adhesion and aggregation, 
smooth muscle cell proliferation, monocyte adhe- 
sion, expression of different adhesion molecules 
and ET-1 production [22-25,26]. The effects of 
NO on myocardial functions are still a matter 
of extensive investigation. There is now evidence 
showing that the basal endogenous NO produc- 
tion supports myocardial contractility and heart 
rate, whereas the expression ofiNOS has been re- 
ported to have cardiodepressive actions because 
of the negative inotropic effects of NO at high con- 
centrations (for review [27]). 



Endothelins 

In the 1980s, a novel endothelial-derived vasocon- 
strictor was characterized from bovine aortic en- 
dothelial cells in culture by its ability to cause 
sustained, concentration-dependent isometric and 
endothelium-independent constriction of isolated 
vascular rings from various species [28,29]. The 
subsequent isolation, cloning and sequencing of 
this vasoconstrictor resulted in characterization 
of a 21 -amino-acid vasoconstrictor peptide, that 
was named endothelin (ET) [30]. Current evidence 
shows that ET interacts with a number of biologi- 
cal systems including the L-arginine/nitric oxide, 
renin/angiotensin and sympathetic nervous sys- 
tems. Therefore, the endothelin system has been 
shown to play roles, in diverse biological functions 
such as regulation of vascular tone, sodium bal- 
ance, neural crest cell development, and neuro- 
transmission (for review see [31]). 



Endothelin System 

Endothelins are a family of three potent va- 
soactive peptides that are produced from bi- 
ologically inactive intermediates, termed big 
endothelins (big ETs), via a proteolytic pro- 
cessing at Trp-Val/Ile by endothelin-con verting 
enzymes (ECEs) [30]. Three separate genes 
encode for three structurally and pharmacolog- 
ically distinct isopeptides, preproendothelin- 1 
(ppET-1), preproendothelin-2 (ppET-2) and 
preproendothelin-3 (ppET-3) [32]. The production 
of the mature active forms, ETs, is the result 
of a two-step process consisting of an initial 
proteolytic cleavage at dibasic sites of the proen- 
dothelins by furin-like endopeptidases to form the 
biologically inactive 37- to 41 -amino-acid peptides 
big ETs [33]. Next, big ETs intermediates are 



further processed to the mature 21 -amino-acid 
active ETs by ECEs, a family of membrane-bound 
zinc metalloproteases from the thermolysin sub- 
family of proteases. The conversion of big ET-1 to 
ET-1 is essential for biological activity [34] and 
therefore, the administration of phosphoramidon, 
a metalloproteinase inhibitor, suppresses the 
hypertensive effect of big endothelin- 1 [35]. Eor 
these reasons, ECEs represent an important 
regulatory system in the biosynthesis of these 
potent vasoconstrictors. 

To date, two family members involved in 
big-ETs processing, ECE-1 and ECE-2, have been 
identified [36-38]. ECE-1 is found in a variety 
of cells; however, the vascular endothelium 
constitutes the major site of constitutive EC-1 
expression [39]. EC-1 is fully active at neutral 
pH, which makes it suitable for intracellular and 
cell surface processing of big ETs [37]. Recently, 
four different isoforms of ECE-1 (termed ECE-1 a, 
ECE-lb, ECE-lc and ECE-ld), with identical 
efficiency but different subcellular localization, 
have been cloned from a single gene through 
the use of alternative promoters [40,41]. On the 
other hand, ECE-2 is an intracellular-processing 
enzyme, with an optimal activity at pH 5.8, 
found in diverse cell types including neurons. 
Both ECE- 1 and ECE-2 process big endothelin- 1 
more efficiently than either big endothelin-2 or big 
endothelin-3. In addition to these two ECEs, other 
ECE-independent pathways have been described 
to process big-ETs producing different vasoactive 
peptides. In this respect, we have recently re- 
ported that vascular matrix metalloproteinase-2 
and matrix metalloproteinase-9 can cleave the 
Gly32-Leu33 bond of big ET-1 yielding the novel 
vasoconstrictor peptide, ET-1 [1-32,42,43]. 

The regulation of the endothelin system takes 
place at the transcription levels of both the en- 
dothelins and the receptors. The ppET gene pro- 
moter contains binding sites for nuclear factor- 
1, activator protein- 1 (AP-1), and GATA-2 and 
is regulated by hormones and physical factors 
[44-46]. 

Once ETs are produced, they exert their actions 
in a paracrine-autocrine fashion by interacting 
with two different G-protein-coupled receptors, i.e. 
ETa and ETb, to induce different physiological 
responses [47,48]. Therefore, ET-1 acts through 
smooth muscle ETa and ETb receptors produc- 
ing vasoconstriction, cell growth and cell adhesion. 
Conversely, the binding of ET-1 to endothelial ETb 
receptors stimulates the release ofNO and prosta- 
cyclin, prevents apoptosis, inhibits ECE- 1 expres- 
sion in endothelial cells and has an important role 
in ET- 1 clearance. ETa receptors are found, among 
others, in vessel and airway smooth muscle cells, 
cardiomyocytes, fibroblasts, hepatocyes and neu- 
rons, and present higher affinities for ET-1 and 
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ET-2 than for ET-3 [47]. On the other hand, ETb 
receptors are mainly localized on endothelial cells 
and smooth muscle cells, but also in cardiomy- 
ocytes, fibroblasts hepatocyes, different epithelial 
cells, neurons, etc., and have equal subnanomolar 
affinities for all endothelin peptides [48]. Both ETa 
and ETb receptors activate different G proteins, 
leading to activation of phospholipase C which re- 
sults in an accumulation of inositol triphosphate 
and diacylglycerol, and an increase of intracellu- 
lar calcium [49]. First, there is a rapid increase 
of intracellular Ca^'^ concentration from intracel- 
lular stores followed by a more sustained increase 
due to extracellular Ca^+ entry through different 
Ca^'*' channels. Moreover, there is also activation 
of phospholipase A2 and D and protein kinase C 
[50,51]. 



Endothelins in the Cardiovascular System 

The endothelin system participates in both physi- 
ology and pathology of the cardiovascular system 
[52], although it is important to note that the ex- 
tent of this contribution is both species- and vas- 
cular bed-dependent. The endothelin system has a 
role in the regulation ofbasal vascular tone [53,54] 
and altered expression/activity of ET-1 could con- 
tribute to the development of diseases such as hy- 
pertension, atherosclerosis, and vasospasm after 
subarachnoid hemorrhage [52]. Of three endothe- 
lin isoforms only ET-1 is produced constitutively 
by endothelial cells and, therefore, it plays the 
most important role in regulating vascular func- 
tion. Interestingly, under inflammatory conditions 
vascular smooth muscle cells have the capacity to 
generate ET-1 [55]. A number of stimuli, including 
thrombin, insulin, cyclosporine, epinephrine, an- 
giotensin II, cortisol, inflammatory mediators, hy- 
poxia and vascular shear stress have been shown 
to incresase ET-1 levels [44]. Endothelin-1 is se- 
creted mainly on the basal side of the endothelial 
cells [56] to acton ETa receptors on the underlying 
smooth muscles cells, as well as on ETb receptors 
on endothelial and on some smooth muscle cells. 
Wright and Fozard showed that endothelin pro- 
duced vasodilatation when administered to anaes- 
thetized, spontaneously hypertensive rats [57]. 
This transient depression of blood pressure was 
explained via the production of NO and prostacy- 
clin by the stimulation of ETb receptors located in 
endothelial cells [58]. The subsequent vasoconstri- 
tive response is mediated by the action of ET-1 on 
ETa ETb receptors on vascular smooth muscle 

ceUs [59]. 

ET-1 is also the main cardiac endothelin 
produced by cardiomyocytes, endothelial cells, 
and cardiac fibroblasts. It is interesting to note 
that ETa receptors represent most of the en- 



dothelin receptors present on cardiomyocytes. 
The endothelin system in the heart seems to 
affect inotropy and chronotropy, but also mediate 
cardiac hypertrophy and remodeling in congestive 
heart failure through its mitogenic properties 

[60] . Figure 1 shows the actions of NO and ET-1 
on the vascular wall. 

Crosstalk Between NO and ET-1 
in Heart Eailure 

Reduced cardiac function and endothelial dysfunc- 
tion are either consequences or causal factors of 
heart failure, depending on the etiology of the dis- 
ease, but in any case, there is no doubt about 
the strong correlation among them. The right bal- 
ance between NO and ET-1 production seems to 
be cmcial in maintaining cardiovascular home- 
ostasis and preventing endothelial dysfunction 

[61] . 

Accordingly, an attenuated endothelium- 
dependent vasodilation in the peripheral [62], 
pulmonary, and coronary circulation have been 
reported in patients with chronic heart failure. 
However, the mechanisms involved in the effects 
of NO in heart failure are complex and not 
completely understood. In the myocardium, this 
impaired endothelium-dependent vasodilator 
response was found in the microcirculation [63], 
but also in large conduit vessels [64] and might 
result in ischemia and further myocardial damage 
and dysfunction. The eNOS downregulation in 
the vascular endothelium has been proposed 
to be involved in the alteration of endothelial 
function. Recent evidence indicates that in heart 
failure endothehal-derived NO could be inacti- 
vated by oxygen free radicals [65]. In addition, 
heart failure is associated with an increase in 
circulating cytokines, particularly tumor necrosis 
factor alpha (TNFa), and expression of inducible 
NO S3mthase in the myocardium. Evidence from 
both animal models and patients suggests that 
the induction of iNOS, resulting in a high NO 
production, exerts a negative inotropic effect in 
heart failure [27]. Furthermore, TNFa has been 
shown to decrease eNOS mRN A levels by increas- 
ing the rate of mRNA degradation [66] . Moreover, 
de Beider and colleagues reported a significant 
activity of inducible enzyme, accompanied by a 
low activity of the constitutive NO synthase in 
right ventricular tissue from patients with dilated 
cardiomyopathy [67]. 

The endothelium-derived NO impairment is 
usually accompanied by an increase in plasma 
ET-1 concentration in several cardiovascular 
diseases. Thus, increased plasma concentrations 
of ET-1 and its precursor, big ET-1, have been 
reported in heart failure, suggesting a possible 
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Fig. 1 . Overview of the roles of NO and endothelin in regulation of vascular tone. Nitric oxide generated from L-arginine (L-arg) by 
the endothelial cells activates the soluble gunaylate cyclase (sGC) to produce vasodilation. Nitric oxide can also inhibit ET-1 
synthesis at the level of transcription. Conversely, ET-1 is produced by endothelial cells and activates two types of receptors ETa aitd 
ETb. In smooth muscle cells, activation of ETa o.nd ETb receptors leads to vascular vasoconstriction. The activation of ETb 
receptors in endothelial cells leads to NO and prostacyclin production. 



pathophysiological significance [68-71]. In this re- 
spect, Pacher and colleagues reported an inverse 
correlation between increased big ET-1 plasma 
levels and survival in advanced heart failure, 
providing a more powerful prognostic marker 
for mortality compared to other hemodynamic 
variables [72]. The expression of ET-1 and its 
receptors in cardiomyocytes has been shown to be 
increased in heart failure, suggesting the involve- 
ment of the cardiac ET-1 system in cardiovascular 
diseases. Accordingly, an increase in the density 
of ETa and ETb receptors on cardiomyocytes and 
ventricular membranes and an overexpression of 
mRNA for ppET-1 and ECE-1 on cardiomyocytes 
have been reported in patients with ischemic 
cardiomyopathy [73]. Moreover, oxidative stress 
has been shown to increase the synthesis of 
big ET-1 in endothelial cells by affecting ET-1 
promoter activity [74]. 

Several lines of evidence suggest the crosstalk 
between the NO and the endothelin systems in the 
cardiovascular system. Thus, it is well established 
that ET-1 enhances NO production via ETb recep- 
tors located in endothelial cells [75,76]. The signal 
transduction mechanism of NO production trig- 
gered by ETb receptors activation in endothelial 
cells involves the increase in intracellular calcium 
by the activation of PEC, leading to up-regulation 



of eNOS, although a PKC-dependent pathway has 
also been proposed. 

Conversely, enhanced vasoconstriction re- 
sponse to ET and an increase in circulating ET-1 
levels result from inhibition of endogenous NO 
formation [77,78], indicating that NO decreases 
ET production or its effects. Eurthermore, L- 
NAME-induced vasoconstriction was reversed by 
selective ETa or dual ETa/ETb receptor block- 
ade [79] indicating a predominant role for the 
endothelin system in hypertension associated 
with reduced NO production. Thus, the inhibition 
of ET-1 production by endothelium-derived NO, 
NO donor drugs and dilator prostanoids appears 
to be at the level of transcription, via a cGMP- 
dependent pathway [80-82]. On the other hand, 
prolonged exposure to NO has been reported to 
upregulate ETa receptors and to increase the 
affinity of ET-1 for this type of receptor acting 
via cGMP-dependent activation of the cAMP- 
dependent protein kinase [83]. Eigure 2 depicts 
the effects of the endothelin and NO system in 
vascular pathology. 

Clinical Trials with Endothelin Blockers 

Endothelin receptor antagonists represent a novel 
class of agents that are used for the treatment of 
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Fig. 2. Overview of the roles of NO and endothelin in pathological situations. Circulating cytokines induce the expression of iNOS 
and ET-1 in smooth muscle cells. At the same time, they also downregulate eNOS expression in endothelial cells. Nitric oxide 
generated in high amounts by iNOS can react with superoxide anion (Og) to form peroxynitrite (ONOO~), which is associated with 
further endothelial dysfunction. Some pharmacological tools are available to inhibit the production or actions of ET-1. 



heart failure. The levels of ET, that are elevated in 
heart failure, can be normalize using inhibitors of 
ECE [84-86] and ET -receptor antagonists. How- 
ever, the therapeutic usefulness of ECE inhibitors 
is limited by the existence of ECE-independent ET 
synthesis. Therefore, the main efforts in drug de- 
velopment have been focused on ET-receptor an- 
tagonists. Both selective ETa receptor antagonists 
as well as nonselective ETa-ETb receptor antago- 
nists are now under investigation. Animal models 
and early-phase clinical trials have provided ev- 
idence that these agents could be effective in the 
treatment of heart failure, essential hypertension, 
pulmonary hypertension, and atherosclerosis. In- 
deed, preliminary clinical trials in heart failure 
patients have demonstrated beneficial systemic 
and pulmonary hemodynamic effects of short-term 
oral administration of a nonpeptide competitive 
dual ETA/ETe-receptor antagonist, bosentan (Ro 
47-0203) [87]. In long-term studies, the prelimi- 
nary data from the REACH- 1 trial (Research on 
Endothelin Antagonism in Chronic heart failure) 



showed symptomatic improvement, reduced hos- 
pitalization rates, and reduced hospital stays in 
patients with severe chronic heart failure [88]. 
However, the trial had to be prematurely dis- 
continued due to the occurrence of asymptomatic 
albeit reversible increases in liver enzyme lev- 
els. In the light of these results, and the fact 
that lower dosages of bosentan were also hemo- 
dynamically efficacious, bosentan has recently 
moved into Phase III clinical trial [89]. Therefore, 
ENABLE- 1 and 2 (ENdothelin Antagonist Bosen- 
tan for Lowering cardiac Events in heart fail- 
ure), two large, multicenter, mortality/morbidity 
studies are already in progress. In addition, an- 
other ET-receptor antagonist is also being tested, 
tezosentan, an intravenous dual ET-receptor an- 
tagonist. Tezosentan has significantly increased 
cardiac index and decreased pulmonary and sys- 
temic vascular resistances without changes in 
heart rate [90,91]. Moreover, the phenomenon of 
hemodynamic rebound, as a result of the increase 
in circulating ET-1 due to receptor-blockage, was 
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not observed. Currently, the RITZ clinical trials 
program (Randomized Intravenous TeZosentan) is 
evaluating tezosentan in patients with a variety of 
acute heart failure syndromes. 

On the other hand, the differences in biolog- 
ical effects mediated by ETa and ETb recep- 
tors, suggested the therapeutic use of ETa 
lective receptor antagonists. The short-term ad- 
ministration of BQ-123, a selective endothelin 
ETA-receptor antagonist, in chronic heart failure 
led to systemic vasodilatation, that was associ- 
ated with decreased pulmonary artery preassure 
[92]. Gonon and colleagues attributed the car- 
dioprotective effects of selective ETa blockade in 
ischemia-reperfusion injury to increased genera- 
tion ofNO production [93]. More recently, a multi- 
center, double -blind, placebo-controlled trial with 
sitaxsentan, a selective ETa receptor antagonist, 
in patients with chronic stable heart failure have 
showed a selective pulmonary vasodilation [94]. 

Despite the fact that organic nitrates have 
been used for over a century in patients with 
heart failure, controlled clinical trials with 
NO or NO donors in heart failure have not 
been performed [95]. However, the nitric ox- 
ide donors 3-morpholinylsydnonimine (SIN-1), 
S-nitroso-N-acetylpenicillamine (SNAP), diethy- 
lamine NONOate (DEA/NO), and diethylenetri- 
amine NONOate (DETA/NO) have been reported 
to antagonize the effects of ET-1 in human arteries 
suggesting that NO donors might be useful thera- 
peutic agents in the treatment of heart failure 
[96]. We have recently reviewed the use of NO, NO 
donors, organic nitrates, and novel nitroderiva- 
tives as therapeutic tools in the treatment of myo- 
cardial infarction and reperfusion [97]. 

In conclusion, the American College of Cardi- 
ology (ACC) and the American Heart Association 
(AHA) guidelines for the evaluation and manage- 
ment of chronic heart failure in the adult recom- 
mend the use of ACE inhibitors and beta-blockers 
as dmgs for routine use in patients at different 
stages of heart failure, such as those with symp- 
tomatic left ventricular dysfunction [98]. However, 
the use of endothelin antagonists is still not rec- 
ommended for use in patients with heart failure 
until the final results of clinical trials currently 
under evaluation are known. 
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Abstract. The abnormal regulation of nitric oxide syn- 
thase activity represents an underlying feature of heart 
failure. Increased peripheral vascular resistance, and de- 
creased renal function may be in part related to impaired 
endothelium-dependent nitric oxide (NO) synthesis. Para- 
doxically, the chronic production of NO by inducible nitric 
oxide synthase (iNOS) in heart failure exerts deleterious ef- 
fects on ventricular contractility, and circulatory function. 
Consequently, pharmacologically improving endothelium- 
dependent NO synthesis and the concomitant inhibition of 
iNOS activity would be therapeutically advantageous. Inter- 
estingly, natriuretic peptides have been shown to differen- 
tially regulate endothelial NOS (eNOS) and iNOS activity. 
Moreover, in both patients and animal models of heart fail- 
ure, pharmacologically increasing plasma natriuretic pep- 
tide levels ameliorated vascular tone, renal function, and 
ventricular contractility. Based on these observations, the 
following review wiU explore whether the therapeutic bene- 
fit of the natriuretic peptide system in heart failure may oc- 
cur in part via the amelioration of endothelium-dependent 
NO synthesis, and the concomitant inhibition of cytokine- 
mediated iNOS expression. 

Key Words, atrial natriuretic peptide, endothelial nitric 
oxide synthase, inducible nitric oxide synthase, tumour 
necrosis factor-a, heart failure 

Abbreviations. ACE: angiotensin converting enzyme, ANP: 
atrial natriuretic peptide, BNP: brain natriuretic peptide, 
eNOS: endothelial nitric oxide synthase, iNOS: inducible 
nitric oxide synthase, EPS: lipopolysaccharide, NPR: 
natriuretic peptide receptor, NEP: neutral endopeptidase, 
RAAS: renin-ar^otensin Il-aldosterone system, TNF-a: 
tumour necrosis factOPa. 



Introduction 

Recruitment of the renin-angiotensin II- 
aldosterone system (RAAS), and the sympathetic 
system represent an adaptive compensatory 
response following an acute decrease in cardiac 
function, regardless of the hemodynamic stress. 
However, the long-term and marked activation of 
these systems lead to excessive vasoconstriction, 
impaired renal function, marked ventricular dys- 



function, and maladaptive cardiac remodeUing 
leading to subsequent heart failure. Based on 
these observations, RAAS and the sympathetic 
system have been regarded as integral events 
implicated in the progression of heart failure, and 
as such have become therapeutic targets. Indeed, 
targeting either the synthesis (e.g. angiotensin 
converting enzyme (ACE) inhibitors), and/or 
antagonizing agonist-receptor complex formation 
(e.g. ATI, or ^-adrenergic receptor antagonists) 
improved vascular tone, renal function, and 
cardiac contractility in heart failure patients. An 
alternative pharmacological approach receiving 
considerable attention involves exploiting the 
biological actions of natriuretic peptides. The po- 
tential therapeutic benefit of natriuretic peptides 
was initially considered by their ability to coun- 
teract the physiological actions of vasoconstrictive 
systems via direct and indirect effects on the vas- 
culature, andkidney. Indeed, the infusion ofnatri- 
uretic peptides, and/or their inhibition of degrada- 
tion in patients and animal models of heart failure 
markedly improved circulatory hemodynamics, 
and ventricular function. An underlying mecha- 
nism which may in part explain the therapeutic 
effect of natriuretic peptides involves the recip- 
rocal regulation of constitutive (e.g. eNOS) and 
iNOS activity. Akin to natriuretic peptides, the 
inorganic molecule NO, synthesized by constitu- 
tive NOS can exert similar physiological actions. 
The biological commonality resides at the cellular 
level, as natriuretic peptide binding to its cognate 
receptor, and nitric oxide activation of soluble 
guanylate cyclase increased the synthesis of the 
second messenger, cyclic GMP. Moreover, several 
studies support the premise that the physiological 
actions of natriuretic peptides may also occur in 
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part via a nitric oxide pathway following receptor- 
mediated stimulation of eNOS. By contrast, 
acting via a cyclic GMP-independent pathway, the 
chronic synthesis of NO by iNOS has been charac- 
terized as nefarious in the setting of heart failure. 
Consequently, the diminished levels of physiolog- 
ical NO by eNOS, and the concomitant cytotoxic 
effects associated with iNOS represent inte- 
gral events implicated in the progression of heart 
failure. In this regard, the following review will ex- 
plore whether the therapeutic action of natriuretic 
peptides in heart failure may occur in part via the 
reciprocal regulation of eNOS and iNOS activity. 

Classification of Natriuretic Peptides, 

Their Cognate Receptors, and Nitric 
Oxide Synthases 

The Family of Natriuretic Peptides 
The discovery that the in vivo administration of 
atrial extracts elicited natriuresis, diuresis, and 
hypotension led to the rapid isolation and charac- 
terization of atrial natriuretic peptide (ANP) [1,2]. 
In atrial cells, ANP is stored in dense granules as 
a 126 amino acid prohormone, and upon secretion 
into the circulation, the prohormone is cleaved into 
the active peptide (99-126 amino acid fragment), 
and inactive N-terminal fragment (1-98 amino 
acid fragment) [3]. In the normal heart, the atria 
represents the primary site of ANP synthesis, and 
to a much lesser extent, ANP-containing granules 
have been identified in the ventricle [1,3,4]. In 
porcine brain extracts, Sudoh and colleagues iden- 
tified a closely related peptide to ANP, designated 
brain natriuretic peptide (BNP) [5]. BNP was also 
identified in atrial cells, but its abundance is much 
lower than ANP [6,7]. Analogous to ANP, atrial 
BNP is stored as a prohormone of 108 amino acids, 
and upon release into the circulation is cleaved to 
an active peptide of 32 amino acids, and an inac- 
tive N-terminal fragment (1-76 amino acid frag- 
ment) [6-8]. However, especially under pathologi- 
cal conditions, BNP synthesis occurred primarily 
in the ventricles [9,10]. Analogous to BNP, a third 
related member of the natriuretic peptide family 
was isolated in the brain, and designated as C- 
type natriuretic peptide (CNP) [11,12]. In contrast 
to ANP, and BNP, the brain and vascular endothe- 
lium are the principal sites of synthesis, and cir- 
culating plasma levels of CNP are low [12,13]. 

Natriuretic Peptide Receptor Subtypes, 
and Tissue Distribution 

The biological actions of natriuretic peptides are 
mediated by at least three receptor subtypes des- 
ignated natriuretic peptide receptor- A (NPR-A), 
-B (NPR-B), and -C (NPR-C) [14-16]. The NPR- 
A, and NPR-B subtypes possess intrinsic guany- 



late cyclase activity, and following agonist binding, 
stimulate the synthesis of the second messenger 
cyclic GMP [14,15]. By contrast, the NPR-C sub- 
type does not possess intrinsic guanylate cyclase 
activity [16]. Ligand affinity studies have demon- 
strated that the NPR-A receptor subtype medi- 
ated the physiological actions of ANP, and BNP 
(ANP > BNP > CNP), whereas the NPR-B recep- 
tor subtype represented the preferred target of 
CNP (CNP > ANP > BNP) [14,17]. Lastly, the rel- 
ative affinity of natriuretic peptides for the NPR- 
C receptor subtype are similar [18]. Several stud- 
ies suggested that the apparent physiological role 
of the NPR-C receptor subtype was to bind and 
remove natriuretic peptides from the circulation, 
thereby designating this subtype as a clearance re- 
ceptor. However, biological activity, including the 
suppression of cychc AMP synthesis, has been as- 
cribed to the NPR-C receptor following the identifi- 
cation of a specific ligand, denoted C-ANP4-23 [ 18 ]. 

Consistent with their physiological actions, na- 
triuretic peptide receptor subtypes have been 
localized in the kidney, adrenal gland, juxta- 
glomerular cells, presynaptic terminals, vascular 
smooth muscle cells, and endothelial cells [19]. 
Moreover, the NPR-A, NPR-B, and NPR-C tran- 
scripts were identified in isolated cardiac my- 
ocytes by RT-PCR, and cyclic GMP production was 
observed either with ANP or BNP administration, 
but not with CNP [20]. These data suggest that 
the NPR-A receptor represented the predominant 
guanylate cyclase coupled receptor subtype ex- 
pressed in rat cardiac myocytes [20]. Analogous to 
cardiac myocytes, the transcripts of NPR-A, NPR- 
B, and NPR-C were also expressed in rat cardiac 
fibroblasts [20]. However, in contrast to myocytes, 
both NPR-A, and NPR-B subtypes were physiolog- 
ically functional, as assessed via the production of 
cyclic GMP by ANP, and CNP [20]. Moreover, radi- 
oligand binding assay revealed the NPR-C was the 
predominant subtype expressed in cardiac fibrob- 
lasts and biologically relevant [21]. In the human 
heart, transcripts of NPR-A, NPR-B, and NPR-C 
were detected in the atria, and left ventricle [22] . 
However, in the ventricle, the myocyte, and non- 
myocyte distribution of these receptor subtypes re- 
main unknown. 

The Family of Nitric Oxide Synthases 
Nitric oxide is a free radical gas synthesized from 
L-arginine via the action of the enzyme nitric oxide 
synthase (NOS ) [23] . The family of NOS consists of 
three isoforms, ofwhich I (also known as neuronal 
or brain NOS) and III (also known as endothe- 
lial NOS; eNOS) are constitutively expressed in a 
wide variety of tissue (e.g. heart, endothelium, kid- 
ney, brain) and regulated by calcium/calmodulin 
[23]. By contrast isoform II (inducible NOS; iNOS) 
is not constitutively expressed but induced by 
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various factors including cytokines, and bacte- 
rial lipopolysaccharide (LPS), and its activation 
occurred via a calcium/calmodulin-independent 
process [23]. The immediate second messenger 
is cyclic GMP, synthesized following NO binding 
and subsequent activation of the enzyme soluble 
guanylate cyclase [24]. Interestingly, nitric oxide 
produced by constitutive nitric oxide synthase is 
quantitatively lower than iNOS [25]. The inter- 
mittent low production of NO synthesis by consti- 
tutive nitric oxide synthase results in local phys- 
iological effects. By contrast, the large amount of 
NO produced by iNOS can influence a variety of 
cellular functions, and in some instances can be cy- 
totoxic in nature [26]. This latter premise has been 
documented in heart failure, as NO, in the pres- 
ence superoxide anion Og , will lead to the forma- 
tion of peroxynitrite, a potent oxidant free radical 
with nefarious actions on circulatory hemodynam- 
ics, and ventricular contractility [27,28]. The cellu- 
lar consequences of increased peroxynitrite forma- 
tion include S-nitrosylation of cysteine residues, 
and tyrosine nitration of proteins implicated in 
cellular proliferation, apoptosis, vascular smooth 
muscle contraction, and c^cium homeostasis [26]. 

Biological Actions of Natriuretic Peptides 
and Nitric Oxide 

Natriuretic Peptide Regulation of Vascular 
Tone, and Renal Function 

Atrial distension represents the primary stimu- 
lus coupled to increased natriuretic peptide syn- 
thesis, and release [29]. Based on these obser- 
vations, natriuretic peptides may represent an 
endogenous compensatory mechanism limiting 
blood pressure increase. Indeed, natriuretic pep- 
tides, acting via a particulate guanylate cyclase 
receptor (e.g. NPR-A, and/or NPR-B) stimulate 
vascular smooth muscle cell relaxation [30,31]. 
Consistent with this premise, an increase in to- 
tal peripheral resistance was observed in mice 
laclmg ANP expression [32]. Secondly, natriuretic 
peptides elicit natriuresis, and diuresis by in- 
creasing the glomemlar filtration rate, inhibit- 
ing sodium retention in the collecting ducts, and 
vasopressin-mediated water reabsorption [33]. 
Moreover, natriuretic peptides can antagonize 
the physiological actions of RAAS by inhibiting 
renin and aldosterone release fromjuxtaglomem- 
lar cells, and the adrenal glomemlosa, respec- 
tively [34,35]. At the pre-synaptic terminal, natri- 
uretic peptides inhibited catecholamine synthesis 
and release, and directly influenced sympathetic 
modulation of vascular tone [36-38]. Lastly, na- 
triuretic peptides exert an antiproliferative action 
on mitogen-stimulated vascular smooth muscle 
growth, thereby negatively influencing maladap- 
tive vascular remodelling [39,40]. 



The Role of Nitric Oxide in Circulatory 
Homeostasis 

Akin to natriuretic peptides, endothelium release 
of NO exerted a potent vasodilator action via a 
cyclic GMP-dependent mechanism following solu- 
ble guanylate cyclase activation of the underlying 
vasculature. However, a recent study by Weisbrod 
and colleagues demonstrated that NO-mediated 
vascular smooth muscle relaxation occurred in 
part via a cyclic GMP-independent pathway [41]. 
Regardless of the mechanism, the integral role of 
NO in the regulation of vascular tone and blood 
pressure has been firmly established in vivo, as the 
inhibition of endothelium-derived nitric oxide syn- 
thesis with NOS inhibitors resulted in systemic 
hypertension [42] . Secondly, nitric oxide can influ- 
ence renal function, as NO inhibited sodium reab- 
sorption, and antagonized vasopressin-mediated 
water permeability in the collecting ducts [43]. 
Analogous to ANP, NO attenuated the basal re- 
lease of aldosterone from the adrenal glomemlosa 
[44]. However, endothelium-derived NO, and/or 
NO-generating compounds either inhibited or 
stimulated renin release from juxtaglomemlar 
cells [45,46]. The underlying mechanism impli- 
cated in this disparate effect of NO remains un- 
defined. Regardless of the effect on renin, NO 
suppressed the conversion of angiotensin I to an- 
giotensin II via the inhibition of ACE activity, 
and decreasing ACE mRNA expression [47,48]. 
In addition, NO-elevating agents reduced ATI 
receptor expression in vascular smooth muscle 
cells, and a si mi lar paradigm was documented 
in the myocardium following the in vivo infu- 
sion of the L-arginine analog inhibitor N®-Nitro- 
L-arginine methyl ester (L-NAME) [49,50]. Akin 
to natriuretic peptides, NO can negatively regu- 
late the sympathetic system via the inhibition of 
catecholamine release, the suppression of carrier 
mediated uptake (uptake- 1) transport of nore- 
pinephrine in presynaptic terminals, and antago- 
nizing vascular smooth muscle contraction [38,5 1- 
54]. Lastly, NO is a potent antiproliferative factor 
of vascular smooth muscle cells [39]. 

Cardiac Natriuretic Peptide Expression 
and the Regulation of Endothelial NOS 
in Hypertrophy, and Heart E allure 

The Transition from Compensated 
Cardiac Hypertrophy to Heart Failure, 
and the Regulation of Ventricular 
Natriuretic Peptide Expression 
When ventricular contractile function rem a ins 
compromised because of a sustained hemody- 
namic overload, the chronic deformation of the 
heart, and the accompanying increase in wall 
stress will trigger hypertrophy [55,56]. Cardiac 
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hypertrophy represents a physiological growth re- 
sponse to counteract the increase in wall stress. In 
response to a chronic volume-overload, an eccen- 
tric pattern of cardiac hypertrophy will ensue [55- 
57]. By contrast, a chronic pressure-overload will 
lead to a concentric pattern of cardiac hypertrophy 
[57,58]. At the cellular level, both forms of car- 
diac hypertrophy are associated with the synthe- 
sis of new sarcomeres and increased production of 
ATP as a consequence of increased number of mi- 
tochondria per cardiac myocyte [55,56]. In concen- 
tric cardiac hypertrophy, sarcomere replication oc- 
curs in a parallel fashion leading to an increase in 
cell width, whereas eccentric cardiac hypertrophy 
is characterized by a series pattern of sarcomere 
replication resulting in an increase in cell length 
[59,60]. A hallmark feature of concentric and ec- 
centric cardiac hypertrophy is the re-induction of 
ventricular ANP [3]. During the maturation of the 
heart from neonatal to adult, the temporal expres- 
sion of ventricular prepro-ANP mRNA gradually 
diminishes [3]. However, the mechanical deforma- 
tion (e.g. stretch) of the myocardium because of 
either volume- or pressure-overload represents a 
powerful stimulus for the re-expression of ventric- 
ular prepro-ANP in cardiac myocytes [61]. Con- 
sistent with this concept, a sustained and/or in- 
termittent mechanical stretch of isolated cardiac 
myocytes was shown to induce prepro-ANP mRNA 
expression [62]. Moreover, All, and the sym- 
pathetic system stimulated prepro-ANP mRNA 
expression, and cardiac myocyte hypertrophy 
[63-65]. Moreover, mechanical stretch of cardiac 
myocytes upregulated angiotensinogen, ACE, and 
renin expression, thereby providing an autocrine 
pathway coupling All to ANP expression [66]. 
Lastly, concomitant with ventricular prepro-ANP 
mRNA expression, a marked induction of ventric- 
ular prepro-BNP mRNA has been identified, and 
represents the predominant source of circulating 
BNP [10,67]. Thus, the early progression of cardiac 
hypertrophy is associated with a robust and sus- 
tained increase of ventricular natriuretic peptide 
expression. 

Although cardiac myocyte hypertrophy repre- 
sents an adaptive response to diminished contrac- 
tile function, this process is finite, and thus cannot 
maintain normal cardiac output in the presence 
of a sustained hemodynamic overload. Conse- 
quently, worsening of cardiac function leads to pro- 
gressive ventricular dilatation, decompensated 
cardiac hypertrophy, and subsequent heart failure 
[55,56]. The transition of compensated hypertro- 
phy to heart failure is characterized by the overt 
activation of RAAS, and the sympathetic system 
[55,56,68]. In the failing heart, ventricular prepro- 
ANP and -BNP mRNA expression remained el- 
evated, resulting in chronically elevated plasma 
levels [55,56,69,70]. In a study by Takahashi and 



colleagues, a significant correlation was observed 
between the decrease in sarcoplasmic reticulum 
Ca^"''-ATPase (SERCA) mRNA levels, and the ex- 
pression of prepro-ANP, and prepro-BNP mRNAs 
in the left ventricle of end-stage heart failure 
patients [69]. SERCA plays an integral role in 
calcium uptake following systole, and decreased 
activity has been implicated in diastolic heart fail- 
ure. Indeed, in the failing heart of various species, 
including human, the reduction in SERCA protein 
expression and accompanied decrease of Ca^'*"- 
ATPase stimulated calcium uptake appears to rep- 
resent a conserved event [69,71,72]. These ini- 
tial observations suggested that depressed cardiac 
function, and thus the accompanying increase in 
wall stress may represent an important stimulus 
of natriuretic peptide expression. Indeed, plasma 
BNP levels were found to be a powerful marker of 
left ventricular systolic and diastolic dysfunction, 
and left ventricular mass in heart failure patients 
[73,74]. Consistent with this latter premise, prog- 
nostic assessment in patients with heart failure 
recently identified plasma BNP as a potent mor- 
tality predictor [75]. Based on these observations, 
the success of a pharmacological approach to treat 
heart failure patients may be indirectly assessed 
by the measure ofplasma BNP levels [74]. Indeed, 
at least one study has demonstrated that pharma- 
cotherapy for heart failure guided by plasma BNP 
levels was encouraging [76]. 

The Regulation of Endothelial Nitric 
Oxide Synthase Activity in the Kidney, 
and Vasculature in Heart Failure 
In the rapid pacing overdrive dog model of heart 
failure, and the myocardial infarct rat, eNOS- 
dependent renal oxygen consumption, and re- 
nal blood flow were markedly depressed [77,78]. 
Likewise, reduced vascular eNOS activity in pa- 
tients and ani mal models of heart failure has been 
documented [26,79,80]. A similar pathophysiolog- 
ical mechanism underscored the decreased va- 
sodilatory response of the coronary arterial bed. 
In heart failure patients, and the rapid pacing 
overdrive dog model of heart failure, endothelium- 
dependent vasodilation, and nitrite production 
were attenuated in isolated coronary microvessels 
[81-83]. Likewise, bradykinin, and adenosine me- 
diated eNOS-dependent vasodilation of the coro- 
nary arterial bed was diminished in guinea pigs 
with decompensated left ventricular hypertrophy 
following abdominal aortic banding [84]. Thus, im- 
paired endothelium-dependent NO biological ac- 
tivity in the kidney and vasculature represent 
hallmark features of heart failure. The mecha- 
nisms attributed to the decreased biological ac- 
tions of eNOS are multifactorial, and include 
All-mediated suppression of eNOS protein ex- 
pression, production of reactive oxygen species 
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Fig. 1. Cellular mechanisms implicated in the diminished biological activity of eNOS in heart failure. The following figure 
summarizes the mechanisms involved in the impaired biological activity of erulothelium-dependent NO. Angiotensin II (All), acting 
via the ATI receptor, can stimulate the downregulation of eNOS mRNA levels in endothelial cells (EC). Likewise, the increase 
release of TNF-a from circulating lymphocytes (CL), acting via a receptor (TNF-R)-dependent process can lead to eNOS mRNA 
degradation. Moreover, TNF-a stimulates the synthesis of reactive oxygen species (e.g. Og) via the activation of NADPH oxidase 
which will react with NO derived either from eNOS oriNOS to form peroxynitrite (ONOO~). The sustained production of NO by 
iNOS is facilitated by the induction of the cationic amino acid transporter (CAT), thereby increasing L-arginine uptake. In vascular 
smooth muscle cells (VSMC), All, acting via the ATI receptor, can stimulate the synthesis of Og via the activation of NADPH 
oxidase, which will in turn bind to NO to form peroxynitrite. Lastly, the sympathetic system, acting via the fie -adrenergic receptor, 
can promote the downregulation of soluble guanylate cyclase (sGC) via a cyclic AMP (cAMP)-dependent pathway. 



which react with nitric oxide to form peroxyni- 
trite, and sympathetic-mediated reduction of solu- 
ble guanylate cyclase expression via a cyclic AMP- 
dependent pathway in vascular smooth muscle 
cells [85-90] (Fig. 1). 

Therapeutic Benefit of Natriuretic Peptides 
and the Potential Role of Nitric Oxide 
in Heart Failure 

Natriuretic Peptide Infusion and Neutral 
Endopeptidase Inhibition Improve 
Circulatory Hemodynamics 
Despite elevated plasma levels of natriuretic pep- 
tides during the progression of heart failure, the 
marked increase of vascular tone and diminished 
renal function persists. The apparent ineffective- 
ness of natriuretic peptides may be related to 
the overtly discernible activation of RAAS, and 
the sympathetic system [55,56,68]. Indeed, ex- 
cessive vasoconstriction, fluid retention, maladap- 
tive cardiac remodelling, and contractile dysfunc- 
tion elicited by the chronic activation of RAAS, 



and the sympathetic system may be implicated 
in the transition of compensated cardiac hypertro- 
phy to heart failure [55,56]. Based on these clinical 
observations, it was considered counterintuitive 
that a further elevation of endogenous plasma 
natriuretic peptides would be therapeutically ad- 
vantageous in end-stage heart failure patients. 
However, in severe acute heart failure patients, 
decreased vascular resistance, increased diuresis, 
and cardiac output was observed 48 hrs following 
ANP infusion, and maintained 7-days after initi- 
ation [91]. Colucci and colleagues demonstrated 
that a 6-hour intravenous infusion of nesiritide, a 
human recombinant BNP, improved pulmonary- 
capillary wedge pressure, and global clinical sta- 
tus in patients with decompensated congestive 
heart failure [92]. In this latter study, the ben- 
eficial effects of nesiritide were maintained in a 
7-day therapy protocol and the most common side- 
effect was a dose-related asymptomatic hypoten- 
sion. The authors concluded that nesiritide could 
prove to be a valuable tool in the initial treat- 
ment of patients with decompensated heart fail- 
ure [92]. Likewise, in the pacing-overdrive dog 
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model of heart failure, subcutaneous BNP admin- 
istration for a period of 10-days caused diuresis, 
natriuresis, a decrease in blood pressure, and a 
concomitant increase in cardiac output [93]. The 
physiological action of BNP most hkely occurred 
at least in part via a direct action on the kid- 
ney, and vasculature, but may also be related to 
a sympathoinhibitory effect. A study by Brunner- 
La Rocca and colleagues demonstrated that the 
infusion of a low dose of BNP reduced cardiac 
sympathetic activity in both normal and stable 
heart failure patients [94]. The administration of 
a high dose of BNP in heart failure patients re- 
duced renal sympathetic nerve activity, whereas 
no effect was observed in healthy patients [94]. 
This finding is of particular interest, since in- 
creased renal sympathetic activity plays an inte- 
gral role in renin release from the juxtaglomerular 
cells, leading to subsequent All synthesis. How- 
ever, because the high dose of BNP reduced car- 
diac filling pressures in heart failure patients, a 
direct inhibitory action of renal sympathetic activ- 
ity could not be ascertained. Lastly, a novel inter- 
action was observed between /3-adrenergic recep- 
tor antagonist therapy and natriuretic peptides in 
left ventricular hypertrophy and heart failure. In 
the study by Luchner and colleagues, a prominent 
increase in plasma ANP, BNP, and cychc GMP 
was observed in patients with left ventricular hy- 
pertrophy following the chronic treatment with 
^-adrenergic receptor blockers [95]. The authors 
speculated that this latter therapeutic effect on 
left ventricular remodelling, and possible left ven- 
tricular dysfunction may have occurred in part 
via the increase of natriuretic peptides. Consistent 
with this latter premise, the ^-adrenergic recep- 
tor blocker carvedilol increased natriuretic pep- 
tide mRNA expression in the myocardium, which 
correlated with elevated plasma levels in the rat 
[96]. Collectively, these data underscore the ob- 
servation that despite elevated plasma natriuretic 
peptide levels in heart failure, a further increase 
can be clinically beneficial. 

Although continuous natriuretic peptide infu- 
sion was therapeutically beneficial, this mode of 
treatment as a long-term approach is not prac- 
tical. Secondly, the oral administration of natri- 
uretic peptides is limited because of inactiva- 
tion. Recently, a membrane-bound metalloenzyme 
identified as neutral endopeptidase (NEP;24.11) 
was detected in numerous tissues including the 
kidney, lung, heart, and shown to degrade and in- 
activate natriuretic peptides [97]. Moreover, in pa- 
tients with aortic valve stenosis, and heart failure 
due to dilated cardiomyopathy, NEP mRNA lev- 
els and enzymatic activity were increased in left 
ventricular biopsies [98]. An immunofluorescence 
approach identified NEP in myocytes and non- 
myocytes of the human heart [98]. Consequently, 



increased NEP activity may represent an impor- 
tant intrinsic mechanism diminishing the phys- 
iological actions of natiuretic peptides in heart 
failure. Collectively, these observations provided 
the impetus for the design of new pharmacological 
agents to specifically target NEP in heart failure. 
Indeed, the administration of the NEP inhibitors 
in patients with mild heart failure, increased 
plasma ANP, urinary cyclic GMP levels, and was 
associated with natriuresis, diuresis, and reduc- 
tions in atrial and pulmonary wedge pressures 
[99-103] . However, it is important to note that sev- 
eral studies demonstrated that NEP can degrade 
the peptide bradykinin, an important vasodila- 
tor, and activator of nitric oxide and prostacyclin 
[104,105]. In this regard, bradykinin may in part 
contribute to the beneficial hemodynamic effects 
associated with NEP inhibition. Interestingly, 
mean arterial pressure was only modestly influ- 
enced following NEP inhibition [106,107]. Like- 
wise, a modest effect of NEP inhibitors on blood 
pressure was observed in hypertensive patients, 
despite elevated plasma ANP levels [108]. Para- 
doxically, in a study by Eerro et ah, the infusion 
of structurally distinct NEP inhibitors in the fore- 
arm of healthy and hypertensive subjects elicited 
a slow progressive vasoconstriction [109]. The co- 
administration of the ETa receptor antagonist 
BQ-123 prevented the NEP inhibitor- mediated 
forearm vasoconstriction, supporting endothelin- 
1 as a substrate of NEP degradation [109,110]. 
Moreover, the administration of the NEP in- 
hibitor ecadotril in either normal rats, or after 
coronary artery hgation increased plasma an- 
giotensin I, and II levels, and tissue angiotensin I 
content in the heart [111,112]. Likewise, the 
NEP inhibitor candoxatril increased plasma 
angiotensin II levels, and the pressor response 
to exogenous angiotensin II was exaggerated in 
normal human subjects [1 13]. Consequently, NEP 
can degrade both angiotensin I, and endothelin-1, 
which may in part explain the lack of effect on 
blood pressure, and furthermore counteract the 
beneficial biological actions of natriuretic peptides 
in heart failure. 

Dual Inhibition of NEP and ACE, and 
Therapeutic Benefit in Heart Eailure 
The secondary increase of vasoconstrictors with 
NEP inhibitor therapy clearly represented an un- 
expected consequence. In this regard, it was pos- 
tulated that the dual inhibition of ACE and NEP 
may be more efficacious. Indeed, the diuretic, and 
natriuretic action of the NEP inhibitor ecadotril 
was potentiated by the co-administration of the 
ACE inhibitor perindopril in the rat [1 1 1]. In two 
separate studies, the combination of ACE and 
NEP inhibitor therapy were additive with regard 
to hemodynamic and renal function in pacing 
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overdrive dogs [114,115]. Based on the efficacy 
of combination ACE and NEP inhibitor therapy, 
and the topographical proximity of these enzymes, 
dmgs simultaneously inhibiting both ACE and 
NEP were generated [116]. The modification of the 
NEP inhibitor thiorphan resulted in the synthesis 
of the dual NEP/ ACE inhibitors glycoprilat, and 
alatrioprilat, and when infused in rats, promoted 
natriuresis, diuresis, and blocked the vasocon- 
strictive action of All [116]. The most extensively 
studied dual NEP/ACE inhibitor is omapatrilat; 
a vasopepetidase inhibitor containing a mercap- 
toacyl derivative of a bicychc thazepinone dipep- 
tide displaying an equipotent inhibitory action on 
both enzymes [97,105]. In the pacing-overdrive 
model of heart failure, omapatrilat exerted pro- 
found and sustained beneficial hemodynamic and 
renal effects [117]. Moreover, a superiority of 
omapatrilat to conventional ACE inhibitor was 
demonstrated, as a greater natriuretic effect was 
observed following the acute administration of 
omapatrilat versus ACE inhibition with fosino- 
prilat in pacing -induced dogs [118]. The effects of 
omapatrilat were associated with elevated plasma 
cGMP, and natriuretic peptides (ANP, & BNP), 
increased urine cychc GMP, and ANP excretion, 
and augmented glomerular filtration rate. To con- 
firm the beneficial effects were attributed to na- 
triuretic peptides, the intrarenal administration 
of the natriuretic receptor- A antagonist HS-142- 
1 attenuated the renal actions of omapratilat 
[118]. The beneficial effects of omapatrilat in heart 
failure have been reaffirmed in the chnical set- 
ting. In the study by McClean and colleagues, 
omapatrilat was given to heart failure patients 
(NYHA class II-III) receiving ACE inhibitor ther- 
apy, and following 3 months of treatment, an im- 
provement of clinical status, and a reduction of 
acute heart failure episodes were observed [119]. 
The latter improvements were associated with in- 
creased left ventricular ejection fraction, reduc- 
tion in peripheral vascular resistance, augmented 
renal function, reduction in blood volume, and 
an apparent attenuation of the sympathetic sys- 
tem. These changes observed with omapatrilat 
therapy were dose-dependent, and associated with 
increased plasma ANP, and cychc GMP levels. 
Interestingly, plasma BNP levels were found mod- 
estly decreased. As previously discussed, plasma 
BNP levels are a prognostic marker of left ven- 
tricular dysfunction. In this regard, the improve- 
ment of left ventricular ejection fraction may be 
the primary mechanism reducing BNP expression 
despite NEP inhibition. In the IMPRESS clinical 
trial, a direct comparison of the efficacy of an ACE 
inhibitor versus a dual ACE/NEP inhibitor was 
examined [120]. In NYHA class II-IV patients, ei- 
ther omapatrilat or the ACE inhibitor lisinopril 
was given for a period of 24 weeks and the primary 



endpoint was an improvement in the maximum 
exercise treadmill test at 12 weeks, with secondary 
endpoints examining events indicative of worsen- 
ing heart failure. A similar level of improvement 
of exercise tolerance was observed in both groups, 
albeit there was a significant benefit with omap- 
atrilat regarding composite of death, admission, 
and discontinuation of study treatment for wors- 
ening of heart failure. Lastly, based on the obser- 
vations that both BNP infusion and omapatrilat 
are chnicaUy beneficial, Chen and coUeagues de- 
signed a study examining the therapeutic bene- 
fit of their co-administration in pacing-overdrive 
heart failure dogs [121]. The combined effect of 
subcutaneous administration of BNP, and sys- 
temic infusion of omapatrilat on urinary sodium 
excretion, glomerular filtration rate, and cardiac 
output was greater as compared to either drug 
alone [121]. Collectively, these data support the 
premise that maximizing the action of natriuretic 
peptides with the concomitant suppression of AH 
synthesis with dual NEP/ACE inhibitors repre- 
sents a novel therapeutic strategy in the treat- 
ment of heart failure. 

The Potential Contribution of 
Endothelium-Dependent Nitric Oxide 
in the Therapeutic Action of Dual 
NEP/ACE Inhibitors 

An important consequence of ACE inhibitor ther- 
apy is the suppression of bradykinin degradation, 
resulting in elevated plasma levels in heart fail- 
ure. Bradykinin may contribute to the therapeu- 
tic effect of ACE inhibitor therapy via the stim- 
ulation of NO synthesis by eNOS. As previously 
discussed, constitutive NO production can coun- 
teract the deleterious action of vasoconstrictive 
mechanisms, and directly improve vascular tone, 
vascular remodelling, and kidney function. How- 
ever, impaired eNOS activity in the vasculature 
and kidney has been documented in heart failure. 
In this regard, either ACE or dual NEP/ACE ther- 
apy can improve endothelium-dependent activ- 
ity by increasing bradykinin activation of eNOS. 
Indeed, evidence supporting this latter premise 
was documented in the myocardial infarcted heart 
of the eNOS-deficient mouse, as the therapeutic 
effect of ACE inhibition was lost [122]. In the 
rapid-pacing overdrive model of heart failure, the 
combined administration of an NEP and ACE 
inhibitor improved coronary artery endothelial- 
derived NO production [81]. This latter effect 
was antagonized by L-NAME, and the bradykinin 
B 2 receptor antagonist HOE 140 [81]. Likewise, 
in coronary microvessels isolated from end-stage 
heart failure patients, the administration of vari- 
ous ACE inhibitors increased nitrite production, 
and was blocked by L-NAME, and HOE 140 
[82]. By contrast, increased NO production in the 
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myocardium with ACE inhibition may be deleteri- 
ous. In patients with idiopathic dilated cardiomy- 
opathy, ACE inhibition decreased ^-adrenergic 
stimulated myocardial contractihty, and this neg- 
ative inotropic effect was abolished with the NOS 
inhibitor L-NAME [123]. 

The contribution of NO in the therapeutic ac- 
tion of ACE inhibitor therapy may be further 
amplified with dual NEP/ACE inhibition. Anal- 
ogous to bradykinin, natriuretic peptides repre- 
sent a physiological activator of NO synthesis via 
an endothelium-dependent process. In the rat, the 
hypotensive effect of an in vivo infusion of ANP 
was partially reversed with the prior treatment 
with L-NAME [124]. To confirm that this effect 
of ANP proceeded via an NO-dependent pathway, 
elevated staining of NADPH-diaphorase activity 
(an indicator of NOS activity) was detected in the 
aorta, and increased urinary excretion of NO end 
products was observed [124]. A similar paradigm 
was described for natriuretic peptide-mediated di- 
lation of the coronary bed in the rat heart [125]. 
Likewise, in human proximal tubular cells, ANP 



treatment dose-dependently increased nitric ox- 
ide production, an effect mimicked by the spe- 
cific NPR-C ligand C-ANP 4_23 [126]. In gastroin- 
testinal smooth muscle cells, the NPR-C subtype 
was coupled to eNOS via a Gj-dependent pathway 
[127]. Analogous to ANP, BNP-mediated arterii 
vasodilation in the forearm of healthy male sub- 
jects was partially dependent on NO [128,129]. 
In ET-I pre-constricted porcine coronary resis- 
tance arteries, the vasodilatory action of BNP 
was accentuated, and partially mediated via a ni- 
tric oxide-dependent pathway [130]. By contrast, 
BNP-mediated vasodilation of the porcine epicar- 
dial coronary artery was insensitive to NO in- 
hibition, but was inhibited by the ATP-sensitive 
potassium channel blocker glibenclamide [130]. 
Moreover, the suppression of All synthesis and/or 
antagonism of its action by natriuretic peptides 
would alleviate the downregulation of eNOS pro- 
tein expression, and significantly reduce NADPH 
oxidase mediated production of reactive oxygen 
species (Pig. 2). Lastly, the inhibition of cate- 
cholamine release, and the suppression of cyclic 




Fig. 2. The differential regulation of eNOS, and iNOS activity by natriuretic peptides. Atrial natriuretic peptide (ANP), and BNP, 
acting via a receptor (NPR) -dependent process stimulate eNOS activity. Moreover, the suppression of All synthesis by natriuretic 
peptides will attenuate the downregulation of eNOS mRNA in endothelial cells (EC), and suppress the production of reactive oxygen 
species in vascular smooth muscle cells (VSMC). Natriuretic peptide receptors are present on circulating lymphocytes (CL), and 
ANP can inhibit the synthesis and release ofTNF-a. This latter effect will lead to a decrease of iNOS expression, the inhibition of 
cationic amino acid transporter (CAT) induction, and the suppression ofOg synthesis. Moreover, ANP can directly promote iNOS 
mRNA degradation, and inhibit L-arginine uptake by CAT. Lastly, ANP can attenuate sympathetic-mediated downregulation of 
soluble guanylate cyclase (sGC) via the inhibition of cyclic AMP (cAMP) production. 
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AMP synthesis by natriuretic peptides would at- 
tenuate sympathetic-mediated reduction of sol- 
uble guanylate cyclase protein levels [18,36,37] 
(Fig. 2). Thus, in the setting of heart failure, the 
therapeutic benefit attributed to natriuretic pep- 
tides may occur at least in part via the ameliora- 
tion of endothelium-dependent NO s}aithesis, and 
subsequent biological activity. 

A Potential Therapeutic Action of ANP 
May Involve the Negative Modulation 
of Tumour Necrosis FdCtOr-Ot (TNF-Ot) 
Stimulation of iNOS Expression 

TNF-a Expression in Heart Failure 

It has been suggested that advanced heart 
failure reflects a state of chronic inflamma- 
tion, as evidenced by the increased secretion of 
pro-inflammatory cytokines from circulating lym- 
phocytes, in particular tumour necrosis factor-a 
(TNF-of) [131-134]. As previously discussed, 
impaired endothelium-derived NO S3aithesis 
represents a h a llmark feature of heart failure, 
and TNF-a may play a critical role [135]. In 
isolated endothelial cells, TNF-a promoted apop- 
tosis, and consistent in part with this premise, 
TNF -a semm levels correlated with endothelium 
apoptosis in patients with advanced heart failure 
[136]. Second, TNF-a has been direcdy implicated 
in impaired endothehum-mediated vasodilation. 
The administration of etanercept, a recombinant 
TNF -a receptor which binds and inactivates 
TNF-a significantly ameliorated endothelium- 
dependent relaxation in the forearm of patients 
with advanced heart failure [135]. The mech- 
anism(s) attributed to impaired endothehum- 
dependent vasodilation include TNF-a mediated 
downregulation of eNOS protein levels, and the 
formation of peroxynitrite following the inter- 
action between NO and reactive oxygen species 
generated by NADPH oxidase [134,137-140] 
(Fig. 1). 

Although increased s}aithesis and secretion 
of TNF-a has been documented in circulating 
lymphocytes of heart failure patients, the produc- 
tion of this cytokine has also been demonstrated 
in the myocardium. In patients with dilated 
cardiomyopathy, TNF-a mRNA and protein ex- 
pression were detected in cardiac myocytes, and 
the endocardium [141]. Likewise, TNF-amRNA 
expression was detected in cardiac myocytes, as 
well as non-myocytes (e.g. fibroblasts, vascular 
smooth muscle cells, endothelial cells) in the rat 
heart following myocardial infarction [142,143]. 
Moreover, resident cardiac macrophages, and 
infiltrating neutrophils, and monocytes in the 
necrotic region following myocardial infarc- 
tion represent an additional source of TNF-a 



[142,144—146]. The pathophysiological conse- 
quences of increased myocardial TNF-a expres- 
sion include cardiac myocyte apoptosis, dismption 
of excitation-contraction coupling, desensitization 
of ^-adrenergic receptor responsiveness to sym- 
pathetic stimulation, and a negative inotropic 
effect [131,144]. Consequendy, TNF-a has been 
characterized as a critical factor implicated in 
the progression of heart failure. Consistent with 
this latter premise, the phenotype of congestive 
heart failure was recapitulated in transgenic mice 
overexpressing cardiac TNF-a [147]. 

ANP Regulation of TNF-a Synthesis 
Despite the beneficial biological actions of either 
natriuretic peptide infusion, or dual NEP/ACE 
inhibitory therapy in heart failure patients, 
the potential regulation of TNF-a synthesis in 
circulating l}Tnphocytes, or the myocardium has 
not been evduated. Interestingly, ANP treatment 
of macrophages significantly reduced the syn- 
thesis, and secretion of TNF-a following an EPS 
challenge [148]. Moreover, in whole human blood, 
ANP attenuated TNF-a secretion [148] (Fig. 2). 
An analogous paradigm has been identified in 
kupffer cells, the resident macrophage of the 
liver. The pre-treatment of kupffer cells with 
ANP inhibited EPS-mediation synthesis of TNF-a 
via a cyclic GMP-dependent pathway [149]. The 
cellular mechanism implicated in ANP-mediated 
inhibition of TNF-a may occur in part at the 
transcriptional level. The nuclear factor-kappaB 
(NE-kappaB) is an integral transcriptional factor 
implicated in the expression of pro-inflammatory 
genes, including TNF-a [144]. In a quiescent 
cell, NE-kappaB exists in a latent state in the 
cytosol bound to an inhibitory protein denoted 
1-kappaB. However, in response to the appro- 
priate stimuli, 1-kappaB is phosphorylated and 
degraded, and NE-kappaB translocates to the 
nucleus, and stimulates transcription [144]. In 
the isolated rat hver, ischemia-reperfusion medi- 
ated expression of TNF-a was inhibited by ANP, 
and the DNA binding capacity of NE-kappaB was 
significantly reduced [150]. A similar paradigm 
was identified with regard to ANP inhibition of 
TNF -a s}aithesis in macrophages [151]. Moreover, 
natriuretic peptide inhibition of TNF-a synthesis 
would alleviate the downregulation of eNOS, and 
the production of reactive oxygen species, thereby 
indirectly improving endothelium-dependent 
NO synthesis, and biological activity. Eastiy, 
natriuretic peptides may also inhibit TNF-a 
synthesis via the negative modulation of RAAS, 
as AH induced the expression of this cytokine in 
cardiac myocytes [152]. This latter observation is 
consistent with the reported anti-cytokine action 
of ACE inhibitors, and ATI receptor antagonists 
in heart failure [153,154]. 
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The Expression of iN OS in Heart Failure, 
and Regulation by ANP 

Inducible NOS has been implicated in the patho- 
physiological actions of TNF-a in heart failure. 
Nitric oxide acting via a cyclic GMP-independent 
mechanism has been linked to cellular apop- 
tosis, diminished ventricular contractility, and 
impaired endothelium-dependent biological ac- 
tivity [26-28,144,155,156]. Consistent with this 
latter premise, iNOS mRNA and protein have 
been detected in the myocardium, and vascu- 
lature of patients and animal models of heart 
failure [156-160]. Consequently, if natriuretic 
peptides can suppress and/or least attenuate 
TNF-a synthesis, the secondary decrease of iNOS 
expression would be therapeutically advanta- 
geous. Indeed, in LPS-challenged macrophages, 
ANP-mediated inhibition of TNF-a synthesis 
was associated with the concomitant decrease 
of iNOS expression [148,161,162]. This latter 
action of ANP required the activation of both 
the NPR-A and NPR-C subtypes [148,161,162]. 
Likewise, in human proximal tubular cells, ANP 
inhibited cytokine-induced nitric oxide synthe- 
sis via a cyclic GMP-independent pathway in- 
volving the NPR-C subtype [163]. Interestingly, 
ANP-stimulated eNOS activity remained intact, 
despite the NPR-C selective inhibition of cytokine- 
mediated iNOS expression [163]. Moreover, natri- 
uretic peptides can directly reduce iNOS mRNA 
expression via a post-transcriptional process of 
degradation [148,162,163]. An alternative mech- 
anism implicated in ANP-mediated inhibition of 
iNOS activity entails the suppression of substrate 
availability. As previously discussed, iNOS gen- 
eration of nitric oxide is quantitatively greater 
than constitutive NOS. This disparate effect re- 
quires a greater amount of substrate, and in 
this regard both LPS and cytokines have been 
shown to stimulate the expression of the cationic 
amino acid transporter (CAT-2B), thereby in- 
creasing L-arginine uptake [164,165] (Fig. 1). In 
macrophages, ANP, acting via the NPR-A sub- 
type, dose-dependently inhibited LPS -mediated 
L-arginine uptake [165] (Fig. 2). 

Summary 

The direct physiological effects of natriuretic pep- 
tides on the Mdney and vasculature, and the an- 
tagonism ofRAAS, and the sympathetic system in 
part explain the therapeutic effect in heart fail- 
ure. However, the amelioration of endothelium- 
dependent NO synthesis and biological activity 
may represent an underlying feature of natri- 
uretic peptides in heart failure. Moreover, the abil- 
ity to suppress TNF-a induced expression of iNOS 
highlights a unique biological role of natriuretic 



peptides, and may in part contribute to its ben- 
eficial effect in heart failure. Accordingly, future 
studies examining the status of eNOS-dependent 
function, and the concomitant regulation of TNF-a 
and iNOS in heart failure following either natri- 
uretic peptide infusion or dual NEP/ACE inhibi- 
tion warrants further investigation. 
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Abstract. The hemodynamic and anti-ischemic effects of ni- 
troglycerin (NTG) are rapidly blunted due to the develop- 
ment of nitrate tolerance. With initiation of nitroglycerin 
therapy one can detect neurohormonal activation and signs 
for intravascular volume expansion. These so called pseudo- 
tolerance mechanisms may compromise nitroglycerin’s va- 
sodilatory effects. Long-term treatment with nitroglycerin 
is also associated with a decreased responsiveness of the 
vasculature to nitroglycerin’s vasorelaxant potency sugges- 
ting changes in intrinsic mechanisms of the tolerant vascula- 
ture itself may also contribute to tolerance. More recent ex- 
perimental work defined new mechanisms of tolerance such 
as increased vascular superoxide production and increased 
sensitivity to vasoconstrictors secondary to an activation 
of the intracellular second messenger protein kinase C. As 
potential superoxide producing enzymes, the NADPH ox- 
idase and the nitric oxide synthase have been identified. 
Nitroglycerin-induced stimulation of oxygen-derived free 
radicals together with NO derived from nitroglycerin may 
lead to the formation of peroxynitrite, which may be re- 
sponsible for the development of tolerance as well as for the 
development of cross tolerance to endothelium-dependent 
vasodilators. The oxidative stress concept of tolerance and 
cross tolerance may explain why radical scavengers such 
as vitamin C or substances which reduce oxidative stress, 
such as ACE-inhibitors, ATI receptor biockers or folic 
acid, are able to beneficially influence both tolerance and 
nitroglycerin-induced endothelial dysfunction. New aspects 
concerning the role of oxidative stress in nitrate tolerance 
and nitrate induced endothelial dysfunction and the con- 
sequences for the NO/cyclicGMP downstream target, the 
cGMP-dependent protein kinase will be discussed. 

Key Words, nitroglycerin, nitrate tolerance, endothelial 
dysfunction, atherosclerosis 



Vasodilator Action of Nitroglycerin 

Nitrates are still widely used in the management 
of coronary artery disease including in patients 
with stable and unstable angina, acute myocar- 
dial infarction as well as congestive heart fail- 
ure. The therapeutic efficacy is due to peripheral 
venous and arterial dilation that results in de- 
creased myocardial oxygen consumption. Nitrates 



also dilate large coronary arteries and collater- 
als while having minimal or no effect on arteri- 
olar tone. It is assumed that nitroglycerin induces 
vasorelaxation by releasing the vasoactive princi- 
ple nitric oxide (NO) via an enzymatic biotrans- 
formation step. NO, an endothehum-derived re- 
laxing factor (EDRF), activates the target enzyme 
soluble guanylyl cyclase (sGC) and increases tis- 
sue levels of the second messenger cGMP. Cyclic 
GMP in turn activates a cGMP-dependent pro- 
tein kinase (cGK-I) which has been shown to me- 
diate vasorelaxation via phosphorylation of pro- 
teins that regulate intracellular levels [1]. 
NO released from nitroglycerin may also ben- 
eficially influence the process of atherosclerosis 
by reducing neutrophil adhesion to the endothe- 
lium and by inhibiting the expression of adhe- 
sion molecules and platelet aggregation. Despite 
the nitroglycerin’s beneficial hemodynamic profile 
and potential anti-atherogenic effects, the results 
concerning the efficacy of this kind of treatment 
in patients with coronary artery disease remain 
disappointing [1-3]. Recent meta- analysis even 
indicates that the long-term use of nitrates may 
be deleterious to patients with ischemic heart 
disease [4]. 

Enhanced Sensitivity to Vasoconstriction 
Contributes to Nitrate Tolerance 

Though acute apphcation of nitroglycerin exhibits 
high vasodilator and anti-ischemic efficacy, this 
activity is rapidly lost upon chronic nitroglyc- 
erin treatment due to the development of ni- 
trate tolerance [5,6]. The mech a nisms underlying 
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Fig. 1. Effects of chronic nitroglycerin treatment on vasoconstrictor sensitivity of forearm resistance vessels in patients with 
coronary artery disease and rabbit aorta in response to angiotensin II and phenylephrine. Nitroglycerin treatment for 3d led to a 
marked hypersensitivity to vasoconstricting agents such as angiotensin II and phenylephrine in patients with coronary artery 
disease (A,C) [9] as well as in experimental animals (B,D) [7], 



this phenomenon are likely to be multifacto- 
rial and may involve neurohormonal counter- 
regulatory mechanisms, impaired nitroglycerin 
biotransformation or changes intrinsic to the 
vasculature. 

An interesting new aspect of chronic therapy 
with organic nitrates was the recent demonstra- 
tion of increased sensitivity to vasoconstrictors 
such as serotonin, phenylephrine, angiotensin II 
and thromboxane. This has been shown to oc- 
cur in animals treated with nitroglycerin for a 3 
day period in a clinically relevant concentration 
of 1.5 /rg/kg/min [7] and in rats with chronic ni- 
troglycerin infusion [8] (Fig. 1B,D). Reports from 
patients with coronary artery disease also indi- 
cate that these observations may have clinical rel- 
evance. Heitzer et al. observed that reductions in 
forearm blood flow in response to intra-arterial 
(brachial artery) angiotensin II and phenyle- 
phrine (Fig. 1A,C) infusion were markedly en- 
hanced in patients pretreated with nitroglycerin 
for a 48 hperiod (0.5 /rg/kg/min) [9]. Interestingly, 
these hypercontractile responses could be blocked 
by concomitant treatment with the ACE- inhibitor 
captopril, suggesting that the renin angiotensin 
system is, at least in part, responsible for this phe- 
nomenon [9]. The demonstration of such hypercon- 
tractile responses of the forearm microcirculation 



within 48 h of continuous nitroglycerin treatment 
may indicate that increases in sensitivity to con- 
strictors represents a major mechanism responsi- 
ble for the attenuation of nitroglycerin’s vasodila- 
tor effects [10]. Using an animal model of nitrate 
tolerance we could normalize vasoconstrictor re- 
sponses using in vitro inhibitors of protein ki- 
nase C (PKC), an important second messenger 
for smooth muscle contraction [7]. This concept 
is supported by more recent data demonstrating 
that in vivo treatment with protein kinase C in- 
hibitors prevented the increase in sensitivity to 
vasoconstrictors and in parallel nitrate tolerance 
[ 8 ]. 

Nitroglycerin Treatment Induces 
Endothelial Dysfunction 

A phenomenon related to nitrate tolerance is 
cross-tolerance to other endothelium-dependent 
and -independent nitrovasodilators. This has been 
observed most commonly in situations where 
nitroglycerin was administered chronically in 
vivo in experimental animal models [11-13] 
(Fig. 2A) and is not encountered in situations 
where nitrate tolerance is produced by short- 
term exposure of vascular segments in vitro 
[14]. 




Nitrate-Induced Endothelial Dysfunction 177 



^ Animal vessels ex vivo 

% Relaxation 




Control 

Tolerant 



B Patients 



E 

E 



o> 



E 



(S 



o 

o 

< 



c 

n 

0 ) 

S 




Control Actr® Ach Recontrol 



Intracoronary Drug Infusions 



Fig. 2. Effects of chronic nitroglycerin (NTG) treatment on endothelial function in rabbit aorta (A) and coronary artery (B) in 
patients with coronary artery disease. Nitroglycerin treatment for 3d resulted in a significant shift of the acetylcholine (Ach) dose 
response relationship in rabbit aorta compatible with endothelial dysfunction [11]. Likewise, nitroglycerin treatment for 6d with 
patches led to stronger acetylcholine-induced coronary constriction compared to patients treated with placebo, compatible with 
nitroglycerin-induced endothelial dysfunction [16], 



The question remains whether si mi lar negative 
effects on endothelial function can be observed 
in humans during prolonged nitroglycerin ther- 
apy. Using acetylchoUne-induced vasoconstriction 
as a surrogate parameter for endothelial function 
in large coronary arteries, Caramori et al. re- 
cently found that continuous treatment with 
nitroglycerin (5d, nitroglycerin patches; Fig. 2B) 
leads to enhanced acetylcholine-induced constric- 
tion [15]. The interpretation of these results may 
be confounded by the fact that chronic nitro- 
glycerin treatment also causes a hypersensitiv- 
ity to vasoconstricting agonists [9] e.g. by acti- 
vating the second messenger protein kinase C 
and by stimulating the expression ofendothelin-1 
within the smooth muscle layer [7]. Thus by study- 
ing acetylcholine-induced constriction in the coro- 
nary circulation, it may be difficult to differenti- 
ate whether this phenomenon is due to endothelial 
dysfunction or secondary to nitroglycerin-induced 
hyperreactivity of the smooth muscle cells to con- 
stricting agonists, a question which was addressed 
by a subsequent stu% by John Parkers group. 

In this study, Gori et al. exa mi ned whether 
chronic nitroglycerin treatment may affect en- 
dothelial function of the forearm circulation of 
healthy volunteers [16]. Endothelial function was 
assessed using strain gauge plethysmography. 
The nitroglycerin dose was 0.6 mg/h/d, which 



averages a nitroglycerin concentration of about 
0.1 /i^g/min. The treatment period was 6d and 
the study was designed in an investigator-blinded 
parallel fashion. Row responses of the brachial 
artery were studied in response to intra-arterial 
infusion of the endothelium-dependent vasodila- 
tor acetylcholine and the inhibitor of the nitric ox- 
ide synthase (NOS), N‘^-monomethyl-L-arginine 
(L-NMMA) (Fig. 3). Continuous treatment with ni- 
troglycerin patches for 6d resulted in a marked 
inhibition of acetylcholine-induced increases in 
forearm blood flow as compared to the control 
group without nitroglycerin pretreatment [16]. 
Likewise, the N^-monomethyl-L-arginine induced 
vasoconstriction was significantly blunted in vol- 
unteers treated with nitroglycerin. Using the 
lowest concentration, N®-monomethyl-L-arginine 
was even able to cause a paradoxical dilation. 
Based on these findings, the authors concluded 
that nitroglycerin treatment has an inhibitory ef- 
fect on basal as well as stimulated vascular NO- 
bioavailability and that this is, at least in part, due 
to abnormalities in nitric oxide synthase in func- 
tion [16]. Taken together, we believe that there is 
no doubt that chronic nitroglycerin treatment is 
causing endothelial dysfunction, which may have 
important clinical implications since endothelial 
dysfunction [17] as well as oxidative stress leading 
to endothelial dysfunction [18] have been shown 
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Fig. 3. Effects of6d nitroglycerin (NTG) treatment with patches on basal and stimulated NO-production in healthy volunteers. 

-monomethyl-L-arginine (L-NMMA)-induced reduction in forearm blood flow were drastically reduced in nitroglycerin-treated 
subjects, reflecting a marked decrease in basal NO-production. Likewise, acetylcholine (Ach)-induced increases in forearm blood 
flow were significantly reduced by in vivo nitroglycerin-treatment, compatible with reductions in agonist-induced endothelial 
function (modified from [37]). 



to be predictors of adverse long-term outcome in 
patients with coronary artery disease. 

Oxidative Stress Accounts 
for Endothelial Dysfunction 

The demonstration of attenuated acetylcholine 
forearm blood flow responses as well as of 
attenuated N^-monomethyl-L-arginine responses 
in healthy volunteers as a result of chronic nitro- 
glycerin treatment indicates diminished vascular 
NO-bioavailabihty. 

Several phenomena may account for this, 
namely a decrease in the expression of nitric ox- 
ide synthase, a dysfunctional nitric oxide syn- 
thase due to intracellular L-arginine or tetrahy- 
drobiopterin (BH4) deficiency, increased vascular 
superoxide production or a desensitization of the 
smooth muscle cell target enzyme, soluble guany- 
lyl cyclase as suggested by Ferid Murad’s group 
[12]. At first glance, it seems difficult to see how 
these quite different mechanisms may fit into one 
sohd concept. A closer look, however, indicates 
that all of these findings may be explained by a 
nitroglycerin-induced increase in vascular super- 
oxide production. 

Evidence for a role of oxidative stress leading 
to cross-tolerance was first provided by experi- 
mental studies showing that superoxide dismu- 
tase (SOD) was able to improve cross tolerance 



to acetylcholine [11]. Subsequently, tolerance has 
been shown to be associated with increased su- 
peroxide levels in endothehal as well as smooth 
muscle cells [19]. As a potential superoxide pro- 
ducing enzyme, the NADPH oxidase has been 
identified [20]. The stimulation of vascular su- 
peroxide production by nitroglycerin therapy may 
have several consequences, increased superox- 
ide levels in endothelial and smooth muscle cells 
may i nh ibit the nitroglycerin’s vasodilator po- 
tency simply by degrading nitric oxide released 
from nitroglycerin during the biotransformation 
process. 

Superoxide stimulated by nitroglycerin- 
treatment may also react with NO in a diffusion 
limited reaction {k = 1.9 x 10^° M“kg-i) that 
is about 10 times faster than the dismutation 
of superoxide by superoxide dismutase. This 
reaction produces peroxynitrite, a compound with 
limited NO-like bioactivity thereby “shunting” 
NO away from its typical target actions such as 
vasodilation and inhibition of platelets. In vitro as 
in vivo data indicate, that nitroglycerin treatment 
increases vascular [21] and urinary nitrotyrosine 
levels [22], which can be considered as a marker 
of peroxynitrite-dependent oxidative damage. 
There is a growing body of evidence showing 
that increased vascular peroxynitrite formation 
may also have deleterious consequences for the 
function of nitric oxide synthase in. Peroxynitrite 
is a strong stimulus for the oxidation of the nitric 




Nitrate-Induced Endothelial Dysfunction 179 



oxide synthase in cofactor tetrahydrobiopterin to 
dihydrobiopterm [23]. The resulting intracellular 
tetrahydrobiopterin deficiency may lead to an 
uncoupling of nitric oxide synthase III [23,24]. 
Thus, nitroglycerin therapy may switch nitric 
oxide synthase IH from a NO to a superoxide 
producing enzyme, which may further increase 
oxidative stress in vascular tissue in a positive 
feedback fashion. Indeed, we were recently able to 
demonstrate an uncoupled nitric oxide synthase 
in an animal model of nitrate tolerance since an 
inhibitor of nitric oxide synthase, N*^-nitro-L- 
arginine was able to significantly reduce vascular 
superoxide production in tolerant vessels [25]. 
In addition, supplementation of nitroglycerin- 
treated rats with tetrahydrobiopterin was able 
to reverse nitroglycerin-induced endothelial 
dysfunction [26] further indicating that chronic 
nitroglycerin treatment causes endothelial dys- 
function, which is at least in part secondary to 
intracellular depletion of the nitric oxide syn- 
thase III cofactor tetrahydrobiopterin (Fig. 4). 
The clinical relevance of these experimental 
findings has recently been highlighted by Gori 
et al. [16]. In this study, the authors could not 




Fig. Effects of tetrahydrobiopterin on 

-monomethyl-L-arginine (L-NMMA)-induced increases in 
control and nitroglycerin (NTG)-treated rats. Peak 
hypertensive response (mm Hg) to JV® -monomethyl-L-arginine 
in normal, non-tolerant rats and nitroglycerin tolerant rats 
before and after a2 h infusion of tetrahydrobiopterin (BH4, 
filled columns) or placebo (crosshatched column). 
Tetrahydrobiopterin treatment did not modify the 

-monomethyl-L-arginine induced hypertension in controls 

(A) . In the setting of tolerance, the -monomethyl-L-arginine 
induced increases in blood pressure were markedly blunted 
compatible with a decrease in basal NO production (B). 
Treatment with tetrahydrobiopterin (C) but not with placebo 

(B) restored the -monomethyl-L-arginine responses in 
NTG-treated animals. These findings clearly indicate that 
nitroglycerin treatment decreases baseline NO production due 
to the induction of intracellular tetrahydrobiopterin deficiency 
and that reduction in baseline NO production may be in part 
due to nitric oxide synthase III uncoupling (modified from 
[26]). 



only demonstrate that nitroglycerin-induced 
endothelial dysfunction greatly responds to 
treatment with folic acid but they also found a 
great improvement of nitrate tolerance in fore- 
arm vessels of healthy volunteers. Interestingly, 
recent in vitro studies with the isolated nitric 
oxide synthase III enzyme indicate, that folic acid 
is a compound that restores nitric oxide synthase 
11 1 function by increasing depleted intracellular 
tetrahydrobiopterin levels [27] (Fig. 5). 

Another mechanism by which nitric oxide syn- 
thase III uncoupling may occur is intracellular 
depletion of L-arginine [28]. Interestingly, incu- 
bation of cultured endothelial cells with nitro- 
glycerin has been shown to reduce nitroglycerin’s 
vasodilator potency, to deplete intracellular L- 
arginine levels [29], and to stimulate endothelial 
cells to produce superoxide [30]. Since endothe- 
lial superoxide production was blocked by nitric 
oxide synthase III inhibitors and tolerance im- 
proved with L-arginine, the authors concluded 
that nitroglycerin-induced increases in superox- 
ide production may be, at least in part, secondary 
to nitric oxide synthase HI uncoupling [30], It is 
not very likely that endothelial dysfunction is sec- 
ondary to decreased expression ofnitric oxide syn- 
thase in, since recent experimental studies have 
shown that nitric oxide synthase, in the setting of 
tolerance, is not at all modified in eNOS knockout 
mice [31] and rather up- than downregulated in 
tolerant rabbit aorta [25]. Superoxide has also re- 
cently been shown to be a potent stimulus for the 
activation of protein kinase C in endothelial cells 
[32]. Protein ki nase C in turn may phosphorylate 
nitric oxide synthase leading to an in hibition of 
nitric oxide synthase activity and therefore to an 
inhibition of NO production by the enzyme [33], all 
of which may contribute to nitroglycerin-induced 
endothelial dysfunction. 

Nitroglycerin-induced increases in oxidative 
stress may also lead to increased production of 
endothe lin -1 wit hi n endothelial and smooth mus- 
cle cells leading to protein kin ase C activation 
which in turn may trigger enhanced constrictor 
responses to almost every agonist [34,35]. 

That nitroglycerin therapy indeed stimulates 
superoxide production in human tissue was re- 
cently shown by Sage et al. [36] for the internal 
mammary artery in patients undergoing bypass 
surgery. The authors failed, however, to demon- 
strate any cross-tolerance to endothelium depen- 
dent and independent vasodilators and in vitro 
modulation of vascular superoxide production did 
not modify the nitroglycerin-dose response rela- 
tionship. In addition, they established a decreased 
tissue content of 1,2 glyceryl dinitrate in toler- 
ant tissue, which was used to argue that impaired 
nitroglycerin-biotransformation specifically ac- 
counts for tolerance and that the endothelial 
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Fiff. 5. Responses of forearm blood flow to intra-arterial acetylcholine (Ach) (A) and nitroglycerin (NTG) (B) in healthy controls 
treated or not treated with folic acid (10 mg /day for 10 days). Folic acid treatment markedly improved nitroglycerin-induced 
endothelial dysfunction and improved tolerance. Since folic acid restores depleted tetrahydrobiopterin (BH4) levels, the authors 
concluded that nitroglycerin-induced tolerance as well as cross tolerance is reversed, at least in part, by a restoration of 
intracellular BH4 bioavailability (modified from [16]). 



function is preserved [36]. Differences in the ves- 
sel region studied (conductance versus resistance 
vessels) as well as differences in the duration of 
nitroglycerin treatment (1 versus 6 days) make it 
difficult, however, to compare the studies by Sage 
[36] and Gori [37], 

NTG-Induced Superoxide/Peroxynitrite 
Production Inhibits the Activity of Cyclic 
GMP-Dependent Protein Kinase I ( cGK-I) 

How does nitroglycerin-induced stimulation of su- 
peroxide production influence intracellular sig- 
naling downstream from NO/cyclicGMP? Recent 
studies in cGK-I deficient mice highlighted the 
crucial role of this enzyme in mediating NO/cGMP 
stimulated vasodilation [38]. In cGK-I knock- 
out animals, endothelium-dependent as well as 
endothelium-independent nitrovasodilators failed 
to induce significant relaxations of vascular tis- 
sue. This observation clearly indicates that the 
activity and/or expression of cGK-I has to be 
monitored in the setting of tolerance and en- 
dothelial dysfunction. The phosphorylation of the 
46/50-kDa vasodilator stimulated phosphoprotein 
(VASP) and in particular the phosphorylation 
of the vasodilator stimulated phosphoprotein at 
serine 239 (P-VASP) has been shown to be a 
useful monitor for cGK-I activity in intact cells 
[39]. The vasodilator stimulated phosphoprotein, 
a protein highly expressed in vascular cells in- 
cluding platelets, endothelial cells and vascular 



smooth muscle cells, is phosphorylated at three 
distinct sites (serine 157, serine 239 and threo- 
nine 278) by both cGK-I and cyclic AMP-dependent 
protein kinases with overlapping specificity and 
efficiency [39]. Experiments with cGK-I-deficient 
human endothelial cells and platelets established 
that cGMP-mediated VASP phosphorylation is 
mediated by cGK-I [40,41]. In addition, recent 
studies by our group indicate that changes in 
P-VASP closely follow changes in endothelial 
function and oxidative stress, suggesting that 
P-VASP can be used as a novel, biochemical sur- 
rogate parameter for vascular NO-bioavailability 
[42]. 

To assess whether cGK-I, the downstream- 
target of soluble guanylyl cyclase, was affected by 
chronic nitroglycerin treatment, we analyzed the 
expression of this protein by western blotting. We 
could not detect any changes in cGK-I expression 
in aortas from nitroglycerin-tolerant rats and rab- 
bits compared to controls. 

To analyze the activity of the cGK-I we stud- 
ied the expression of P-VASP [39]. Nitroglycerin- 
treatment of rabbits and rats for three days caused 
a striking reduction of P-VASP in aortic tissue of 
these animals when compared to untreated con- 
trols (Fig. 6). These findings clearly indicate that 
the NO/cGMP pathway is functionally inhibited 
during nitroglycerin-induced tolerance while cGK- 
I and VASP expression was not modified at all. 
To address a role for oxidative stress in inhibiting 
the activity of cGK-I, the P-VASP was quantified 
in response to in vitro and in vivo treatment with 
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Fig. 6. Effects of chronic nitroglycerin (NTG) treatment on the expression and activity of the cGMP-dependent protein kinase 
(cGK-I). cGK-1 activity was assessed using monoclonal antibodies against vasodilator stimulated phosphoprotein-ser239 (P-VASP) 
as described recently [42], Nitroglycerin treatment for 3d markedly decreased P-VASP, while having no significant effect on the 
expression of the cGK-1 (modified from [19]). 
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Fig. 7. Effects of in vivo and in vitro vitamin C (VC) treatment on vascular superoxide production and P-VASP in aortas from 
nitroglycerin (NTG)-treated rabbits. Treatment with the antioxidant restored P-VASP indicating that nitroglycerin (NTG)-induced 
oxidative stress contributes at least in part to the inhibition of the activity of the cGK-I (modified from [19]). C; control. 



the superoxide/peroxynitrite scavenger vitamin C. 
With these studies we could demonstrate that 
vitamin C markedly restored P-VASP, decreased 
superoxide levels and accordingly restored nitro- 
glycerin sensitivity in vessels from nitroglycerin- 
treated animals (Fig. 7). 



We therefore propose the following sequence of 
events leading to tolerance as well as to endothe- 
lial dysfunction in vascular tissue in response 
to chronic nitroglycerin treatment: Nitroglyc- 
erin therapy stimulates vascular superoxide 
production during the biotransformation process 
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Fig. 8. Proposed scheme of how chronic treatment with 
nitroglycerin (NTG) may cause tolerance and endothelial 
dysfunction. Nitroglycerin therapy stimulates vascular 
superoxide production during the biotransformation process 
(cytochrome P450-mediated?) or via activation of the NADPH 
oxidase in endothelial as well as in smooth muscle cells. 
Superoxide in turn is a strong stimulus for the activation of 
protein kinase C (PKC) in the endothelium and in the smooth 
muscle cell layer, leading to nitric oxide synthase (NOS III) 
inhibition and to enhanced sensitivity to vasoconstricting 
agonists. The nitric oxide ! superoxide reaction product, 
peroxynitrite (ONOO~), may cause NOS III uncoupling due to 
tetrahydrobiopterin (BH4) oxidation and may potently inhibit 
the activity of soluble guanylyl cyclase (sGC), all of which may 
contribute, at least in part, to tolerance and cross tolerance in 
response to chronic treatment with nitroglycerin. 



(cytochrome P450-mediated?) or via activation 
of the NADPH oxidase in endothelial as well 
as in smooth muscle cells. Superoxide in turn 
is a strong stimulus for the activation of pro- 
tein kinase C in the endothelium and in the 
smooth muscle cell layer leading to nitric ox- 
ide synthase III inhibition and to enhanced sen- 
sitivity to vasoconstricting agonists. The nitric 
oxide/superoxide reaction product peroxynitrite 
may cause nitric oxide synthase III uncoupling 
due to tetrahydrobiopterin oxidation and may po- 
tently inhibit the activity of the soluble guany- 
lyl cyclase, all of which may contribute, at least 
in part, to tolerance and cross tolerance in re- 
sponse to chronic treatment with nitroglycerin 
(Fig. 8). 



Strategies to Prevent the Development 
of Tolerance and Cross-Tolerance 

Which strategy is the best to prevent the develop- 
ment of tolerance and cross-tolerance? The most 
widely accepted approach to prevent the tolerance 
phenomenon has been suggested to be a nitrate 
free interval. Intermittent administration of nitro- 
glycerin patches allowing a nitrate free interval of 



8-12 h has been shown to retain nitrate sensitiv- 
ity, with the disadvantage of a lack of protection 
during this period. Another potential problem of 
a nitrate free interval may also be the develop- 
ment of rebound ischemia. Treatment of experi- 
mental animals with a nitrate free interval was 
not able to normalize endothelial dysfunction and 
hypersensitivity to vasoconstrictors [43] (Fig. 9A). 
During the nitrate free interval the frequency of 
angina symptoms as well as of silent angina is sig- 
nificantly increased [44]. By treating patients in- 
termittently with nitroglycerin patches for a 5d pe- 
riod, Azevedo et al. have recently shown that this 
kind of regimen may prevent the development of 
tolerance but acute nitrate withdrawal increases 
the coronary vasomotor responses to acetylcholine 
suggesting that the rebound phenomena may be 
secondary to the development of endothelial dys- 
function [45] (Fig. 9B). These data clearly indicate 
that the phenomenon of nitroglycerin-induced en- 
dothelial dysfunction cannot be prevented by a ni- 
trate free interval. 

If oxidative stress is important for tolerance and 
cross-tolerance, antioxidants or drugs, which are 
able to reduce oxidative stress within vascular tis- 
sue should be able to positively influence both phe- 
nomena. Recent studies in patients with coronary 
artery disease and heart failure indeed demon- 
strated, that the development of tolerance is bene- 
ficially influenced by vitamin C [46,47], vitamin E 
[48], ACE-inhibitors [49,50] and by hydralazine 
[51]. 



Summary and Clinical Implications 

In summary, there is mounting evidence that sys- 
temic therapy with NO via organic nitrates in- 
duces endothelial dysfunction in patients with 
coronary artery disease [15,45] and even in 
healthy controls [37]. One mechanism contribut- 
ing to this phenomenon may be a nitrate-induced 
stimulation of vascular superoxide and/or perox- 
ynitrite production. This may represent a kind of 
biochemical baroreflex, in which the nitroglycerin- 
induced increases in vascular NO are diminished 
due to local degradation by superoxide. Treat- 
ment of coronary artery disease patients with 
ACE-inhibitors and HMG-Co A inhibitors has been 
shown to improve endothelial dysfunction and si- 
multaneously to improve prognosis in these pa- 
tients. Several experimental and clinical stud- 
ies indicate that chronic nitroglycerin treatment 
worsens endothelial function and a recent meta- 
analysis indicates that nitrates may worsen prog- 
nosis in patients with ischemic heart disease 
[4]. Eurther studies are required, however, to 
understand the precise mechanisms underlying 
nitroglycerin-induced endothelial dysfunction in 
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Fig. 9. Effects of a nitrate free interval on coronary endothelial function in patients with coronary artery disease (A) and on 
vasoconstrictor sensitivity of rabbit aorta to phenylephrine (PE) and serotonin (5-HT), (B). Patients received active nitroglycerin 
(NTG) (A, right hand side) treatment or no treatment (A, left hand side) followed by a 12 h nitrate free interval. Intracoronary 
acetylcholine was applied in the presence of the patch (open columns) and 3 h after the removal of the patch (filled columns) [45], In 
patients on active nitroglycerin-therapy, patch removal lead to an acetylcholine-induced coronary constriction, which was markedly 
stronger than in patients not on active nitroglycerin treatment. Likewise, in experimental animals, a 12 h nitrate free interval did 
not prevent the development of hypersensitivity to phenylephrine and serotonin. The agonist-induced constriction was even stronger 
in animals treated with a nitrate free interval (triangles) as compared to animals treated continuously with nitroglycerin (open 
circles) (modified from [43]). Thus, in both conditions, a nitrate free interval was not able to prevent the development of endothelial 
dysfunction in patients with coronary artery disease and also failed to prevent the development of a hypersensitivity to 
vasoconstrictors. 



order to develop strategies to prevent the resultant 
side effects. 
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Abstract. Endothelial dysfunction plays an important role 
in a number of cardiovascular diseases. An important patho- 
genetic factor for the development of endothelial dys- 
function is lack of nitric oxide (NO), which is a potent 
endothelium-derived vasodilating substance. 3-Hydroxy-3- 
methylglutaryl-coenzyme A reductase inhibitors (statins), 
originally designed to lower plasma cholesterol levels, seem 
to ameliorate endothelial dysfunction by a mechanism so 
far only partly understood. However, statins increase ni- 
tric oxide synthase activity. It has been speculated that 
this and other "side effects" of statin treatment are due 
to inhibition of Rho, an intracellular s^palling protein that 
initiates Rho kinase transcription. Moreover, statins pos- 
sess anti-inflammatory characteristics. Some statins have 
proven to lower plasma levels of C-reactive protein, which is 
induced by pro-inflammatory cytokines. Other statins have 
been demonstrated to directly inhibit pro-inflammatory cy- 
tokine induction. Finally, some data surest that statins 
might be able to counterbalance an increased production 
of oxygen free radicals. Since chronic heart failure is ac- 
companied not only by endothelial dysfunction, but also by 
pro-inflammatory cytokine activation and enhanced forma- 
tion of oxygen free radicals, it is tempting to speculate that 
statins might be an ideal candidate to treat certain features 
of this disease. The doses needed to achieve the desired 
effects m^ht be much lower than those needed to treat hy- 
percholesterolemia. 

Key Words, chronic heart failure, statin, nitric oxide, 
endothelial dysfunction 



Introduction 

The endothelium is the largest autocrine, para- 
crine, and endocrine organ [1]. It covers approx- 
imately 700 and weighs 1.5 kg. Endothe- 
lial dysfunction has therefore vast consequences. 
This condition, mainly characterised by a lack 
of nitric oxide (NO), is a common feature of 
the aging process as well as of a number of 
chronic illnesses. It is seen in chronic heart fail- 
ure (CHF), hypercholesterolemia, atherosclerosis. 



hypertension, and certain inflammatory diseases. 
Recently, endothelial dysfunction has been pro- 
posed to be a useful marker of early cardio- 
vascular disease [2]. Elevated levels of serum 
cholesterol have been implicated in the pro- 
gression of endothelial dysfunction. 3-Hydroxy- 
3-methylglutaryl-coenzyme A (HMG-CoA) reduc- 
tase inhibitors (statins), originally designed to 
lower serum cholesterol levels (Eig. 1), seem to 
ameliorate endothelial dysfunction by a mecha- 
nism not yet fully understood. These dmgs were 
found to reduce recurrent events as early as 
16 weeks after acute coronary events [3]. This time 
frame is probably too short to attribute the risk 
reduction to cholesterol lowering alone. It has 
therefore been suggested that statins may have 
beneficial effects beyond the reduction of plasma 
low-density lipoproteins (LDL). 

The purpose of this review is to shed further 
light on the pleiotropic effects of statin treatment. 
It is tempting to embark on the role of these 
drugs in atherosclerosis, because a lot of data has 
been published about statins in this disease. How- 
ever, this review will focus on the potential role of 
statin treatment in CHE. This multi-system disor- 
der not only affects the cardiovascular system but 
also the musculoskeletal, renal, neuroendocrine 
and immune systems. Some evidence points to the 
fact that statins might be able to improve certain 
symptoms in patients with CHE. 



Nitric Oxide and the Endothelium 

Ear from being inert, the vascular endothelium 
is a monolayer of cells, which is deeply involved 
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Fig. 1. Pathway of cholesterol biosynthesis. Initially, acetyl-CoA is transported from the mitochondrium to the cytosol. The rate 
limiting step is 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase activity, which is competitively inhibited by statins. 
Intermediates in the pathway are used for the synthesis of different proteins. For example, geranylgeranyl-pyrophosphate is needed 
for the activation of Rho. PP — Pyrophosphate. 
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Fig. 2. Statin-mediated effects in endothelial cells. Statins interfere with geranylgeranyl-pyrophosphate biosynthesis, which is a 
byproduct from cholesterol synthesis. This effect leads to the accumulation of inactive Rho in the cytosol thus inhibiting the 
activation of Rho kinase. Statins also augment cNOS activity and induce cNOS gene transcription. Caveolin, which binds to cNOS 
in caveolae, acts as a negative regulator of the enzyme. Statins prevent LDL-induced caveolin-expression in endothelial cells. NO 
generation is eventually increased. The statin-mediated effect on superoxide generation seems to be indirect. Therefore, the rapid 
deactivation of NO appears to be attenuated. NOS — Nitric Oxide Synthase, ONOO~ — Peroxynitrite, PP — Pyrophosphate. 







Statins and Nitric Oxide in Chronic Heart Failure 189 



in cardiovascular physiology and various chronic 
diseases (Fig. 2). The endothelium has a central 
role in vascular homeostasis, and both NO and 
endothelin-1 (ET-1) play a pivotal role in mediat- 
ing its function. NO is a potent vasodilator in the 
vasculature. It also inhibits platelet adherence [4] 
and regulates endothelial permeability to lipopro- 
teins and other plasma constituents [5]. 

NO was first described by Furchgott and 
Zawadski in 1980 and termed endothelium- 
derived relaxing factor (E\yRF) [6]. This substance 
is a hpophilic, freely diffusible, soluable gas. It has 
a short half life of less than four seconds in bi- 
ological solutions, because it readily reacts with 
oxygen-derived free radicals, namely superoxide 
anion, to form peroxynitrite (ONOO”) (Fig. 2) [7]. 
NO is produced from the amino acid L-arginine 
by nitric oxide synthase (NOS). Three isoforms 
of this enzyme have been identified with the en- 
dothelial (constitutive) isoform (cNOS, also known 
as eNOS) producing a continuous amount of NO. 
This basal production is increased by different 
chemical and physical stimuli. cNOS was found 
to be primarily associated with the plasma mem- 
brane [8]. Specific microdomains of the plasma 
membrane, termed caveolae, are known to dis- 
play a NOS activity 9- to 10-fold greater than 
other areas [9]. These caveolae are characterised 
by a specific marker protein, caveolin, which is 
exclusively found in caveolae membranes (Fig. 2). 
Caveolin domains seem to interact directly with 
cNOS dom a ins. 

The neuronal isoform (uNOS) is expressed by 
nerves in the adventitia of certain vessels. W hi lst 
cNOS and uNOS are found in healthy vascular 
cells, the inducible isoform (iNOS) is mainly pro- 
duced upon inflammatory stimuh. In contrast to 
cNOS, iNOS is mainly found in the cytosol [9]. 
For example, interferon-y (IFN-y), tumor necrosis 
factor-a (TNFa), and bacterial lipopolysaccharide 
(LPS) are potent stimulators of iNOS gene tran- 
scription not only in endothelial cells [10]. Since 
the intracellular NO content of macrophages rises 
during bacterial infection, NO is thought to play 
an additional role in microbial killing in innate im- 
mune responses [11]. Moreover, small quantities 
of iNOS-derived NO are thought to be involved in 
signal transduction during infection [11]. 

After synthesis in the endothelium, NO diffuses 
across cell membranes and enters vascular smooth 
muscle cells [10]. In these cells, NO leads to in- 
creased concentrations of cychc guanosine-3',5'- 
monophosphate (cGMP) via activation of guany- 
late cyclase. cGMP serves as a second messenger, 
which is cmcially involved in control of vascular 
tone, platelet function, and other NO-mediated 
functions. The inhibition of the contractile ma- 
chinery is mainly controlled by a cGMP-dependent 
protein kinase, which increases calcium extmsion 



fromthecytosolofsmoothmuscleceUs [12]. Whilst 
NO, being produced by nitric oxide S3mthase 
within endothehal cells, is a potent vasodilator, 
ET-1 is an endothelium-derived vasoconstrictor 
and pressor peptide. Some evidence has accumu- 
lated in the past years that endothelial dysfunc- 
tion and in particular an imbalance between the 
two mediators play a cmcial role in the develop- 
ment of some cardiovascular diseases. 

Mechanisms Underlying Chronic 
Heart Failure 

CHF is accompanied by a variety of pathophys- 
iological changes which trigger disease progres- 
sion [13,14]. Ike development of cardiac remod- 
elhng is maintained by neurohormonal activation 
and synthesis of pro-inflammatory cytokines. In 
this context, TNFa is thought to play a predom- 
inant role, and increased levels of TNFa relate 
to reduced peripheral blood flow [15], apoptosis 
[16], and lower skeletal muscle mass [17]. In ad- 
dition, pro-inflammatory cytokine levels relate to 
prognosis in CHF [18]. Nevertheless, induction of 
iNOS and free radical formation yield additional 
effects. In the course of the disease, impairment 
in skeletal muscle metabohsm and function be- 
come obvious. Overexpression of both ET-1 and its 
receptor worsens this condition [19,20]. Indeed, 
the endothelium-dependent dilation of coronary 
and peripheral resistance vessels is blunted in 
CHE [21,22]. This ultimately leads to an impaired 
reactive hyperemia in various vascular beds [23], 
an impairment in tissue perfusion and reduced 
muscular endurance [24]. These abnormahties 
can ultimately lead to weight loss and cardiac 
cachexia, a serious complication of CHE with in- 
creased mortality [25], which is associated with 
the highest plasma levels of TNFa seen in CHE pa- 
tients [26]. Therefore, it seems likely that cachec- 
tic patients would benefit from immunosuppres- 
sive therapy [27]. 

It has been observed that iNOS is expressed in 
the myocardium of all patients with CHE [28,29]. 
It has therefore been speculated that low NO 
concentrations may account for protective effects, 
which rescue myocytes from deleterious stim- 
uli such as mechanical stress or noradrenaline. 
Higher concentrations of NO, on the other hand, 
may contribute to a loss of myocytes. Neverthe- 
less, increased iNOS activity leads to depression 
of myocardial activity [30,31]. Since dyspnea is 
one of the major factors limiting exercise capac- 
ity in CHE, it has been proposed that reduced per- 
fusion of the ventilated lung might contribute to 
this symptom [14]. Moreover, NO might be a key 
regulator of lung function. Thus, dyspnea, which 
is frequently observed during exercise, might be 
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attributed to reduced pulmonary vasodilation due 
to a smaller increase in NO production compared 
to healthy control subjects. 

Pleiotropic Effects of Statins 

The advent of statins has revolutionised the treat- 
ment of hypercholesterolemia. In 1987 lovastatin 
was the first HMG-CoA reductase inhibitor to 
be approved by the Food and Drug Administra- 
tion (FDA). It is extracted from the fungus As- 
pergillus terreus. Since then, five other statins 
have been synthesised, and the development of 
new substances is well underway. So far, lovas- 
tatin, simvastatin, pravastatin, fluvastatin, and 
atorvastatin are available. Like lovastatin, sim- 
vastatin and pravastatin are derived from fungal 
fermentation [32]. The other statins are entirely 
synthetic. All statins are highly effective in re- 
ducing LDL. Moreover, these dmgs are well tol- 
erable and generally safe. As a rare side effect, 
rhabdomyolysis can occur, but the statin with the 
highest side effect rate of this kind (cerivastatin) 
has been withdrawn from the market. The pri- 
mary mechanism of action is competitive inhibi- 
tion of HMG-CoA reductase, the rate-limiting en- 
zyme in cholesterol biosynthesis (Fig. 1) [33]. This 
yields a reduction in hepatocyte cholesterol con- 
centration. Thus, the expression of hepatic LDL 
receptors is increased, and LDL and its precur- 
sors are cleared more effectively from the circu- 
lation [34]. An additional increase in HDL levels 
has been observed [32]. Triglyceride lowering cor- 
relates to baseline triglyceride levels and to the 
LDL-lowering potency of the respective dmg [35]. 
In general, LDL is reduced by another 7% with 
each doubhng of the dose [36]. However, hpopro- 
tein a levels, another marker of increased cardio- 
vascular risk, are either not altered during statin 
treatment [37] or raised by as much as 34% [38]. It 
is unclear whether this yields an additional effect 
on future cardiovascular events. 

Statin-Mediated Effects on Endothelial Cells 
Statins have proven beneficial in the treatment of 
coronary artery disease, and these substances can 
ameliorate morbidity and mortality irrespective 
of semm cholesterol levels [39]. These data sug- 
gest that the beneficial actions of statins are inde- 
pendent of low density lipoprotein (LDL) choles- 
terol reduction. It seems therefore hkely that 
certain (pleiotropic) “side effects” yield an im- 
provement in endothelial dysfunction, although 
the precise mechanism is only partly understood 
(Fig. 2). Nevertheless, it appears that both di- 
rect and indirect mechanisms are involved. How- 
ever, not all statins share the same characteristics, 
although all substances from this class improve 



endothehal dysfunction [2]. For example, in vitro 
pravastatin appears to have an effect superior 
to simvastatin [40]. The different actions on en- 
dothelial dysfunction may be attributable to differ- 
ent effects on NO production: it has been demon- 
strated that lovastatin and simvastatin induce 
cNOS gene transcription in human endothelial 
cells (Fig. 2) [41]. Both drugs also play an im- 
portant role in the protection from experimental 
stroke, an effect which seems to be mediated by in- 
creasedproductionofNO [42]. Moreover, endothe- 
lial function seems to improve in monkeys receiv- 
ing a dose of pravastatin that does not reduce 
LDL levels [43]. Whilst the coronary arteries of 
the pravastatin-fed monkeys dilated significantly 
as quantified using angiography compared to the 
status before treatment, those of the control group 
constricted. 

A reduced vasodilation is observed during exer- 
cise in CHF. Moreover, increased vasoconstriction 
occurs, and this reaction seems to be mediated by 
enhanced synthesis of ET-1 [10]. It is most hkely 
that an increased vascular generation of superox- 
ide anion inactivates NO to a great extent. Re- 
cendy, it has been proposed that statins might be 
useful to reduce oxidative stress. The pathways in- 
volved seem to cover inhibition of vascular NADH 
oxidase and cNOS-mediated superoxide produc- 
tion [44]. Pravastatin, for example, increases the 
bioavailability of NO in atheroslerotic arterial 
walls [43], and it activates cNOS independently of 
its cholesterol-lowering features [40]. In addition 
to soleNOeffects, an imbalance between ET-I and 
NO is thought to play a role in the pathophysiology 
of CHE. Circulating ET-1 levels are normally low. 
Some studies point to the fact that statins might be 
able to decrease ET-1 synthesis in endothelid cells 
[45]. Atorvastatin and simvastatin inhibit the ex- 
pression ofpre-pro-ET-1 mRNA and reduce ET-1 
levels [46]. 

Statin-Mediated Effects on Caveolin 
Abundance 

A recent study by Eeron and coworkers sug- 
gests that atorvastatin is able to reduce cave- 
ohn expression in endothelial cells (Eig. 2) [47]. 
Treatment with normocholesterolemic or hyperc- 
holesterolemic levels of LDL-cholesterol induces 
caveohn expression after serum starvation in en- 
dothelial cells. This leads to an impairment in 
NO release due to stabilisation of the inhibitory 
caveolin/cNOS complex. Atorvastatin, despite de- 
creasing net caveolin levels, increases the amount 
of unbound cNOS for activation and NO pro- 
duction. However, some questions remain to be 
addressed [48]: If atorvastatin indeed decreases 
caveolin expression — does this reduce the num- 
ber of caveolae? May this be detrimental for cNOS 
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activation? Future studies will hopefully provide 
information on this new field of statin action. 

Anti-Inflammatory Effects of Statins 
Inflammation seems to play a predominant role in 
the progression of CHF, and some evidence points 
to the fact that pro-inflammatory cytokine activa- 
tion is triggered by LPS [49,50]. In CHF patients, 
LPS could enter the circulation through the ede- 
matous gut waU [51]. However, it is only when the 
inflammatory response becomes overactive that it 
begins to have harmful effects. Thus, TNFa can 
induce left- ventricular impairment and septic car- 
diomyopathy [52,53]. Interestingly, statins seem 
to possess anti-inflammatory features. Pravas- 
tatin, for example, lowers the levels of C-reactive 
protein (CRP) after myocardial infarction and in 
hypercholesterolemic patients [54,55]. CRP is an 
acute phase reactant that is produced by the fiver 
in response to pro-inflammatory cytokines such 
as interleukin-6 and TNFa. This has to be kept 
in mind, because lovastatin has been found to in- 
hibit the induction of pro-inflammatory cytokines 
in macrophages [56]. In atherosclerotic plaques, 
statins seem to reduce the number of inflamma- 
tory cells [39]. This finding is in keeping with a re- 
cent study reporting on statin-binding to a coun- 
terreceptor for intercellular adhesion molecule- 1 
(ICAM-1) on leukocytes thus reducing adhesion to 
endothelial cell [57,58]. 

Statins and Rho Family Proteins 
Rho proteins (Ras homologous) form a family of 
proteins that activate certain kinases (Fig. 2). 
These proteins are GTP-binding molecules that 
have been identified to be involved in the regula- 
tion of the actin cytoskeleton (Fig. 2). Extracellu- 
lar stimuli convert the inactive form of Rho (GDP- 
Rho) to the active form (GTP-Rho) [59]. Rho thus 
appears to coordinate specific cellular responses 
by interacting with a number of downstream tar- 
gets [60]. Binding of the active form of Rho to Rho 
kinase activates this serine/threonine kinase [61]. 
Thus, Rho family proteins regulate gene expres- 
sion by activating different kinases, such as Rho 
kinases, which are involved in smooth muscle con- 
traction and stress fibre formation [61]. 

Statins inhibit the synthesis of L-mevalonic 
acid from HMG-CoA. This also prevents the syn- 
thesis of other important intermediates, such 
as famesyl pyrophosphate and geranylgeranyl 
pyrophosphate (Fig. 1) [62]. The latter is an 
important lipid attachment for the posttransla- 
tional modification of Rho. Statin treatment there- 
fore interferes with Rho activation and leads to 
the accumulation of inactive Rho in the cyto- 
plasm [59]. This affects intracellular transport, 
membrane trafficking, mRNA stability, and gene 



transcription. It is therefore tempting to speculate 
that some of the pleiotropic effects of statins are 
attributed to Rho inhibition, although only limited 
data are available on this topic. 

Oxidative Stress 

Oxidative stress appears to be an important fea- 
ture in the development of endothelial dysfunc- 
tion. However, the value of antioxidants, such as 
vitamins, is controversial and not sufficiently doc- 
umented. The most important oxygen free rad- 
ical derived from cell metabolism is superoxide 
anion. It is generated by oxidases during cellular 
metabolism. The formation of oxygen free radicals 
is known to be increased in patients with CHF 
[22,63,64]. Physical training, however, reverses 
endothelial dysfunction [65]. Increased expression 
of antioxidative enzyme genes seems to be one 
of the factors mediating this effect [66]. Dietary 
supplementation of L-arginine yields additional 
effects [67]. Evidence suggests that oxygen 
free radicals can upregulate sensitivity to EPS 
[68], thus underscoring the importance of pro- 
inflammatory cytokine activation. TNFa itself 
causes a rapid rise in intracellular reactive oxy- 
gen intermediates [69]. 

Xant hi ne oxidase is one of the oxidases gener- 
ating superoxide anion (Fig. 2). Xanthine oxidase 
triggers the last step in purine breakdown which 
yields uric acid. Superoxide anion is a byprod- 
uct. Interestingly, a significant elevation of uric 
acid is frequently observed in patients with CHF 
[70]. This is seen as a marker of elevated xant hi ne 
oxidase activity. Allopurinol, a xant hi ne oxidase 
inhibitor, might be able to improve endothelial 
dysfunction in CHF by reducing free radical gen- 
eration [22,71]. 

A diversity of antioxidant systems, such as su- 
peroxide dismutase and catalase, counteract the 
continuous generation of reactive oxygen species. 
A decreased expression of both systems has been 
observed simultaneously in CHF [72]. Some evi- 
dence has accumulated that statins might be able 
to reduce vascular production of reactive oxygen 
species [73]. The authors, however, believe that 
this effect might be mediated via statin-induced 
down-regulation of vascular angiotensin recep- 
tors, because stimulation of this receptor leads 
to an increase of free radical production. In an- 
other model, vascular superoxide anion genera- 
tion was unaffected by statin treatment, but it was 
increased during withdrawal [74]. 

Conclusion 

Statins have proven beneficial in the treat- 
ment of a number of cardiovascular diseases. 
Although it was reasonable to attribute these 
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benefits to lipid lowering, the evidence suggested 
otherwise. Statins are potent in improving en- 
dothelial dysfunction due to enhancing cNOS 
gene transcription, and the decrease in cave- 
olin expression seems to contribute to increased 
NO production. Moreover, statins seem to pos- 
sess anti-inflammatory features, and some evi- 
dence suggests that a direct suppression of pro- 
inflammatory cytokines may occur. A reduction in 
oxygen free radicals, which has been reported for 
some statins, seems to contribute to the benefi- 
cial effects of statins. However, some statin ac- 
tions require further elucidation. We do not com- 
pletely understand the impact of Rho inactivation 
by statins, although it is commonly believed that 
Rho inhibition contributes to some of the beneficial 
effects of statins. Since CHF is accompanied by en- 
dothelial dysfunction, pro-inflammatory cytokine 
activation, and excessive production of oxygen free 
radicals, it would appear to use statins in the treat- 
ment of this chronic illness, independently of the 
underlying etiology. 

After simvastatin treatment fewer in- 
stances of new-onset CHF were observed in the 
Scandinavian Simvastatin Survival Study [75]. 
Again this effect seems to be independent of the 
hpid-lowering features of simvastatin, because 
changes in the lipoprotein profiles and baseline 
characteristics were similar in patients with or 
without future events. The anti-inflammatory, 
anti-proliferative, and anti-oxidative effects of 
statins might play an important role in the 
prevention of CHF by statins [32,76]. 

Interestingly, lower lipoprotein concentrations 
are independent predictors of impaired survival in 
patients with CHF [77,78]. It has been speculated 
that lipoproteins may in fact confer some bene- 
fits in CHF patients, by forming micells around 
LPS and preventing its biologic action [79]. This 
may explain why in CHF patients higher levels of 
cholesterol levels are related to better not worse 
mortality. Hence lower doses of statins that st il l 
confer pleiotropic effects (on NO, free radicals and 
the endothelium) but do not or to a lesser extent 
lower lipoprotein plasma levels may be of particu- 
lar benefit in CHF patients. 
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Abstract. Accumulation of oxidized-matrix between the en- 
dothelium and myocytes is associated with endocardial en- 
dothelial (EE) dysfunction in diabetes and heart failure. 
High levels of circulating homocysteine (Hey) have been 
demonstrated in diabetes mellitus (DM). These high lev- 
els of Hey (hyperhomocysteinemia, HHcy) have a negative 
correlation with peroxisome proliferator activated recep- 
tor (PPAR) expression. Studies have demonstrated that Hey 
decreases bioavailability of endothelial nitric oxide (eNO), 
generates nitrotyrosine, and activates latent matrix metal- 
loproteinase (MMP), instigating EE dysfunction. PPAR lig- 
ands ameliorate endothelial dysfunction and DM. In addi- 
tion Hey competes with PPAR ligands. The understanding of 
molecular, cellular, and extracellular mechanisms by which 
Hey amplifies DM will have therapeutic ramifications for 
diabetic cardiomyopathy. 

Key Words. MMP, TIMP, PPAR, collagen, redox stress, 
eNOS, ADMA, DDAH 

Abbreviations. AA: arachidonicacid, BH4: 
tetrahydrobiopterin, CBS: cystathionine /3 synthase, CIMP: 
cardiac Inhibitor of metalloproteinase, CZ: ciglitazone, 
DM: diabetic mellitus, ECM: extracellular matrix, EE: 
endocardial endothelium, eNOS: endothelial nitric oxide 
synthase. Hey: homocysteine, HHcy: 
hyperhomocysteinemia, LB4: leukotriene B4; L-NAME: 
N-nitro-l-arginine methyl ester, LV: left ventricle, MMP: 
matrix metalloproteinase, NADH: nicotinamide adenine 
dinucleotide (reduced), NEkB: nuclear factor kappa B, NO: 
nitric oxide, ONOO~:peroxynltrite, PCR: polymerase 
chain reaction, PGJ2: 15-deoxy 12, 14-prostaglandin J2, 
PPAR: peroxisome proliferator activated receptor. Redox: 
reduction-oxidation, ROS: reduced oxygen species, RXR: 
retinoid X receptor, SOD: superoxide dismutase, SH-homo: 
thiol-homocysteine, Homo-s-s-Homo: homocystine, TEMP: 
tissue inhibitor of metalloproteinase. 



Matrix Remodeling and EE Dysfunction 

Sixteen percent of the myocardium is composed 
of capillaries (including lumen and endothelium) 
[1]. Capillary endothehum, strategically located 
between the superfusing luminal blood and the 
underlying cardiac muscle, plays an important 
role in controlling the myocardial performance 



[2-7]. Several lines of evidence suggest that the 
frequency of apoptosis of capillary microvessel 
cells predict the development of the histologic 
lesions in diabetes [8]. The capillary surface area 
is reduced and tissue thickness from capillaries to 
myocytes is increased in the LV of diabetic rats [9] . 
There is increased tissue thickness between the 
endothelium and cardiomyocytes in CHF (Fig. 1). 
In DM the alteration of ultrastructure of the my- 
ocardium has been a ha ll mark of cardiovascular 
dysfunction [10-14]. Several lines of evidence indi- 
cate structural pathological manifestations in di- 
abetic cardiomyopathy and its reversal by insulin 
treatment in rats [15]. 

Oxidative Stress and Matrix Remodeling 

Remodeling imphes synthesis and degradation 
of ECM. Latent MMP are activated by oxidant 
and instigate remodeling (Fig. 2). The composi- 
tion of ECM (collagen and elastin) in the base- 
ment membrane of capillary endothelium con- 
tributes to the accumulation of oxidized-matrix 
between endothelium and myocytes. An abnor- 
mal collagen glycation, and chamber tissue stiff- 
ness, affecting diastolic function are appeared to 
be a major factor in impaired glucose tolerance 
in DM [16,1'^. Alteration in LV diastohe filling 
is also associated with reciprocal changes in LV 
collagen gene [18], and accumulation of myocar- 
dial collagen in insulin-resistant syndrome [19]. 
There is enhanced ECM production in rat heart 
endothehal cells [20], and the levels of MMP ac- 
tivity are excessive in DM [21], especially MMP-9 
[22]. The elastinolytic proteinase is upregulated 
in the basement membrane of microvessels of di- 
abetes [23]. Both MMP-2 and -9 degrade elastin 
[24], and MMP-2 also degrades ultrastmeture 
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Endothelium & cardiac muscle 



Muscle=80% 

EE=3% 

Lumen=13% 

IC=1% 

ECM & U=3% 




Normal CHF 



Fig. 1 . Decreased capillary endothelial cell density and cardiac muscle hypertrophy in congestive heart failure (CHF): H &E 
staining. ECM deposition between endothelium and myocyte is a hallmark of CHF. 1 C (interstitial cells) and the numbers on the left 
refer to % by volume in the normal heart [10], 
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Fig. 2 . Hypothesis: EE dysfunction in DM is due to increased 
levels of reduced oxygen species (ROS), Hey, nitrotyrosine, 
MMP activity, collagenolysis, and decreased levels of eeNO in 
response to antagonizing PPARy. The Og, and Hey 

activate latent MP in MP/NO/CIMP complex, and generates 
NO 2-tyrosine and NO 2-arginine. Peroxisome proliferator, AA 
generates LB^ (ligand of PPARa) and PGJ2 (ligand of 
PPARy). Hey represses PPAR by competing with its ligands. 
BH4, eNOS and L-arginine synthesize NO. Hey induces NFkB 
and NADHINAD oxidase. Og and NO generate ONOO~, 

NO 2-tyrosine, N02-arginine, and inhibit eNOS. ONOO^ 
activates PARS, and PARS induces apoptosis. PPAR in 
cordinance with RXR induces antioxidant enzymes (SOD & 
catalase) and represses NADH/NAD oxidase. The overlap and 
garbled area in the middle represent ECM and its 
degradation. 



collagen [25]. Because elastin turnover is remark- 
ably lower than collagen [26], elastin and ultra- 
structural collagen are replaced by oxidatively 
modified stiffer collagen, leading to increased dis- 
tance between endothelium and myocyte, thus im- 
pairing eeNO diffusion from endothelium to my- 
ocyte. This increased distance acts as a diffusion 
barrier to eeNO and may be considered a space 
occupying lesion within the myocardium. 



Genetic Variations and Hetero- and 
Homozygosity in eNOS and EE 
Dysfunction 

The eNOS knockout (-/-) in mice causes hyper- 
tension, hyperlipidemia, and insulin resistance 
[27]. Asymmetrical dimethylarginine (ADM A) is 
an endogenous inhibitor of eNOS [28]. Elevated 
levels of ADMA have been observed in hy- 
pertension, hyperlipidemia, hyperglycemia, renal 
failure, and hyperhomocysteinemia. Dimethy- 
larginine dimethylaminohydrolase (DDAH) hy- 
drolyses ADMA to L-citmlline and dimethy- 
lamine. Hey inhibits DDAH with resultant ADMA 
elevation and endothelial cell dysfunction. ADMA 
levels were positively correlated with triglyceride 
levels and redox stress. The PPAR gamma ag- 
onist rosiglitizone was able to improve insulin 
resistance and decreases ADMA levels [29,30]. 
Accumulation of Hey decreases eNO and insti- 
gates cardiovascular dysfunction [31]. There are 
four ways by which Hey is accumulated (Fig. 3). 
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Fig. 3. Excretion pathways of homocysteine: dietary 
methionine produces protein and homocysteine. Approximate 
10% of homocysteine is required for DNA /RNA methylation. 
The remainder is converted to methionine by B12 and 
folate-dependent pathways. In addition, deficiency of 
cystathionine beta synthase (CBS) leads to accumulation of 
homocysteine. The volume retention by renovascular stenosis 
adds to homocysteine accumulation. 

HHcy is associated with an increased risk of 
cardiovascular disease and DM when the associ- 
ated nephropathy develops and GFR begins to de- 
crease [32-34]. In DM and in HHcy-hypertrophic 
myocardium, the capillary endothelial cell density 
is reduced [35,36]. PPAR mediates the metabolism 
of various fatty acids and induces genes re- 
lated to fatty acid metabolism and also has anti- 
inflammatory effects [37]. DM and Hey facilitate 
ROS and infla mm ation [38,39], and cause elasti- 
nolysis/coUagenolysis [40,41], including endothe- 
Mal cell desquamation [42]. Hey activates MMP 
[43], modulation of insulin resistance is accom- 
plished by PPARy [44,45], and PPAR inhibits 
MMP activation [46]. Although endothelial dys- 
function is ameliorated, the levels of Hey are in- 
creased by PPAR therapy in HHcy [47-49]. Recent 
results from our laboratory have suggested dis- 
placement of PPAR agonists by Hey [50]. A gra- 
dient of eNO concentration, i.e. high in EE and 
low in midmyocardium has been demonstrated, 
suggesting a role of eeNO in beating heart [51]. 
Increased ROS decreases eNO availability, and 
generates nitrotyrosine in diabetes [52,53]. The 
decrease in eNO increases MMP activity [54]. 
Therefore, to reduce the wall stress, in the absence 
of eeNO, the latent MMP is activated to dilate the 
heart. Although increased chamber size increases 
wall stress, the unabated MMP activation leads to 
cardiomyopathy [55,56]. Although the endothelial 
cell density is decreased, ECM is increased. Hey 
is elevated, and PPAR is not activated in DM, the 
mechanism of EE dysfunction in DM is unclear. 
It is possible that increased oxidized-matrix accu- 
mulation (diffusion barrier) between endothelium 
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Fig. 4. Role of oxidative and proteolytic stresses on EE and 
cardiac muscle: Latent MMP! NO! CIMP complex is oxidized 
to generate nitrotyrosine in CIMP and activates MMP. This 
leads to decrease eeNO concentration. Peroxynitrite activates 
poly(ribose-ADP)synthase, PARS, and induces apoptosis in 
some myocytes, and hypertrophy in others. The overlap and 
garbled area in the middle represent ECM and its 
degradation. 



Blood Pressure & Redox Stress 




MAP, mm-Hg 



Fig. 5. There is a relationship between blood pressure and 
redox stress: In NWR, homocysteine increases blood pressure. 
In contrast, in the SHR, similar increase in the level of 
homocysteine are associated with higher blood pressure. 
NWR-H and SHR-H are NWR and SHR treated with Hey, 
respectively. SHR-F, SHR treated with folic acid. 



and myocyte may decrease bioavailability of eeNO 
(Eig. 4). Increased Hey is associated with hyper- 
tension and proteinuresis (Eigs. 5 and 6), suggest- 
ing a role of Hey in cardiovascular dysfunction. 



Gene and Embryonic Stem Cell Factor 
Therapy for EE Dysfunction 

PPAR)/ agonists ameliorate diabetic meUitus 
[44,45], and recent clinical trials demonstrate a 
reduction in restenotic events post homocysteine 
lowering [57,58]. A positive correlation between 
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Fig. 6. Increase in urinary protein excretion is associated with 
hypertension. In NWR proteinuresis is associated with 
hypertension. In contrast, in the SHR, similar increase in the 
level of proteinuresis is associated with higher blood pressure. 
NWR-H and SHR-H are NWR and SHR treated with Hey, 
respectively. SHR-F, SHR treated with folic acid. 

Hey and plasma creati ni ne might be related with 
the increase in muscle mass in DM patients [59]. 
Hey induces cardiac hypertrophy in rats [35,36]. 
Ventricular pressure overload studies in mice have 
demonstrated reduced expression of PPAR during 
cardiac hypertrophy [60], and peroxisome prolif- 
erators reduce cardiac hypertrophy [61]. Hey in- 
duces endocardial remodeling, structure and func- 
tion changes, by defining their links to nitric oxide 
metabolism in DM. Hey antagonizes PPARy. T hi s 
in turn increases oxidative stress, decreases eeNO, 
and increases nitrotyrosine content and MMP ac- 
tivity in endomyocardial wall. The heterozygosity 
in the activity of CBS is one cause of increased 
oxidative stress in humans [62]. 

Replacement of injured tissue by implanting 
skeletal muscle cell has been shown to be com- 
patible with the conversion of skeletal muscle to 
cardiac muscle fibers and improvement of car- 
diac function post injury [63]. Cardiac dysfunc- 
tion post MI was attenuated in MMP-9 knockout 
(— /— ) mice [64]. It is of great interest to generate 
CIMP transgenic mice and measure the cardiac 
function during chronic heart failure. The mech- 
anism of reverse remodeling by MMP inhibition 
specifically targeting the heart is a relatively im- 
portant area. Stem cell therapy has been proposed 
for heart failure. However, it would be of great 
interest to identify the embryonic stem cell fac- 
tor that causes robust growth and proliferation 
of injured cardiac muscle. MMP inhibition is un- 
dergoing clinical trials, and is therefore of great 
importance. 
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Abstract. Peroxynitrite is a highly reactive oxidant which 
is produced during reperfusion of the ischemic heart The 
role that this molecule plays in reperfusion injury has heen 
controversial. Many investigations have demonstrated toxic 
effects of peroxynitrite, whereas others have found it to be 
protective durii^ reperfusion. This review surveys evidence 
supporting both sides and proposes that peroxynitrite is a 
dichotomous molecule with beneficial and detrimental ef- 
fects on the reperfused heart. Its toxic effects are medi- 
ated by modification and activation of a variety of targets 
(including poly (ADP) ribose synthetase and matrix met- 
alloproteinases) while its beneficial effects are primarily 
mediated through its reaction with thiols, resulting in the 
formation of NO donor compounds (S-nitrosothiols). 

Key Words, peroxynitrite, ischemia-reperfusion, 
myocardium, nitric oxide 



Reperfusion of the Ischemic Heart 

Reperfusion of the ischemic myocardium must be 
performed in order to prevent cellular damage 
and necrosis. Unfortunately, associated with this 
restoration of blood flow which provides oxygen 
and nutrients to the ischemic tissue is a spec- 
tmm of deleterious events, including arrhythmias, 
mechanical dysfunction, and microvascular dam- 
age [1]. A great deal of attention has been given 
to the mechanisms underlying reperfusion injury, 
as it is a clinically relevant event which can oc- 
cur following angina, myocardial infarction, and 
cardioplegic arrest [2]. Of the many theories re- 
garding the development of reperfusion injury, 
the enhanced generation of highly reactive oxygen 
species by the heart during the acute reperfu- 
sion phase is an appealing one which is supported 
by a large foundation of experimental evidence. 
These reactive species react with an array of bio- 
chemical targets inside and outside the cell, in- 
cluding lipids, proteins, and DNA, resulting in 
altered cellular function. However, questions re- 
main as to whether the generation of reactive oxy- 
gen species is entirely detrimental, or whether it 
may in fact have some beneficial effects. This de- 
bate has focused on the enhanced production of ni- 
tric oxide and other reactive oxygen species during 



early reperfusion, in particular the reaction prod- 
uct of nitric oxide (NO) and superoxide anion (Oj ), 
peroxynitrite. 

NO Biology and Pathophysiology 

NO is a labile gas with a half-life of a few seconds 
at 37° C in the biological milieu. NO is generated 
by three isoforms of nitric oxide synthase (NOS), 
endothelial NOS (eNOS), inducible NOS (iNOS), 
and neuronal NOS (nNOS). There is some evi- 
dence of NO being produced by nNOS in the heart 
[3], however, under normal physiological condi- 
tions it is primarily generated by eNOS in car- 
diac myocytes, endocardial cells [4], and vascu- 
lar endothelial cells [5]. eNOS catalyzes a five- 
electron oxidation of L-arginine to produce NO and 
the by-product L-citrulline. This catalytic activity 
is tightly regulated by intracellular calcium lev- 
els and, as a result, only small quantities of NO 
are produced for brief periods when intracellular 
Ca*"*" levels are elevated. In vivo, this low level of 
NO production exerts a number of regulatory and 
cytoprotective effects: (1) decreasing intracellular 
calcium levels by increasing cyclic GMP produc- 
tion [6] ; (2) promoting coronary vasodilation [7] ; 
(3) decreasing adhesion of platelets [8] and neu- 
trophils [9] to the endothelium; and (4) regulat- 
ing cellular metabolism by reversibly inhibiting 
mitochondrial respiration [10] and enzymes in- 
volved in glycolysis [11]. During reperfusion of the 
ischemic myocardium, intracellular calcium over- 
load and shear stress along the endothelium stim- 
ulate eNOS in a variety of cells in the heart to 
produce a large amount of NO over a relatively 
brief period of time (seconds to minutes). 

N(3 can also be produced in high concentra- 
tions under conditions of inflammatory stress 
(for example, during exposure to proinflammatory 
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cytokines), following the expression of inducible 
NOS (iNOS) in endocardial endothelium [4], vas- 
cular endothelial cells [12], cardiac myocytes 
[13,14], vascular smooth muscle [15] and neu- 
trophils [16]. iNOS, unlike eNOS, is independent 
of intracellular calcium levels and thus produces 
higher rates of NO formation which is sustained 
over several hours. In experimental models of 
myocardial ischemia-reperfusion there has been 
some debate surrounding the contribution of iNOS 
to reperfusion injury, as it may, or may not, be ex- 
pressed during the short time frame of acute is- 
chemia and reperfusion [17]. However, coronary 
artery disease patients who would be susceptible 
to ischemia-reperfusion injury have been shown 
to have iNOS protein expressed in their coronary 
vasculature [18] and iNOS mRNA in their my- 
ocardium [19]. Thus, the overproduction of NO by 
iNOS is a potentially significant event during my- 
ocardial reperfusion. As well, neutrophils which 
infiltrate the myocardium later in reperfusion are 
likely another potential source of NO generated 
from iNOS. 

The Formation of Peroxynitrite 

During the first seconds to minutes ofreperfusion, 
the myocardium produces a large concentrated 
burst ofNO (Fig. 1) which can be measured by elec- 
tron spin trap techniques [20]. At the same time 
that NO is being produced, large amounts ofsuper- 
oxide anion (Oj ) are also generated [20,21]. Possi- 
ble sources of Oj are NAD(P)H oxidase, xanthine 
oxidase [22-24], uncoupled mitochondrial respira- 
tion [25], and NOS itself if there is a lack of either 
its cofactor tetrahydrobiopterin or its substrate L- 
arginine [26-28]. NO and Og rapidly react during 
early reperfusion to form peroxynitrite [20,29], a 
potent oxidant. The quenching of available NO by 
Og likely explains why some early investigations 
observed a decrease in myocardial NO production 
upon reperfusion [30]. 

The kinetics of the reaction between NO and Oj 
must be exa mi ned in order to understand why per- 
oxynitrite is preferentially formed during reperfu- 
sion. The body’s natural defence against Og is su- 
peroxide dismutase (SOD). There are three forms 
of SOD which catalyze the dismutation of Og to 
H 2 O 2 and water: extracellular copper-zinc SOD, 
nuclear or cytosolic copper-zinc SOD, and mito- 
chondrial manganese SOD. NO is the only biolog- 
ical molecule known to outcompete SOD for Oj 
[31]. Under normal physiological conditions the 
lower amounts of NO being produced in the heart 
are not of a sufficient concentration to compete ef- 
fectively with SOD for the 0, which may be avail- 
able. Moreover, there is likely only a low concen- 
tration of Og available [20,32,33]. Consequently, 
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Fig. 1. Peroxynitrite formation: Reperfusion of a previously 
ischemic area of the myocardium causes the stimulation of NO 
production (primarily from eNOS and partially from iNOS) 
and 0'2 production (from NAD(P)H oxidase, xanthine 
oxidase, uncoupled mitochondrial respiration, and NOS 
under conditions ofL-arginine or tetrahydrobiopterin 
depletion). These two molecules react to form peroxynitrite, 
which then adds carbon dioxide to form 
nitrosoperoxycarbonate anion (ONOOCOg). This moiety is 
protonated at physiological pH to form nitrosoperoxycarbonic 
acid (ONOOHCOg ) which is highly unstable and rapidly 
decomposes into highly toxic free radical species. A number of 
pharmacological interventions can inhibit the formation of 
peroxynitrite, including NOS inhibitors and SOD or its 
mimetics. Peroxynitrite can also be directly scavenged by 
5,10,lB,20-tetrakis-[4-sulfonatophenyl]-porphyrinato-ironfUI] 
(FeTPPs), urate, or thiols such as glutathione. 

under normal physiological conditions in the 
heart, the dismutation of OF by SOD will predomi- 
nate over the formation of peroxynitrite. However, 
when NO (and Og ) production increases during 
reperfusion if can outcompete endogenous SOD for 
the reaction with Og . Thus, during the first min- 
utes of reperfusion, the rate of formation of per- 
oxynitrite will predominate over the dismutation 
of Og . There may even be a sustained production 
of peroxynitrite, as total myocardial SOD activ- 
ity decreases during reperfusion [34] while avail- 
able concentrations of Og increase. It should also 
be noted that in a physiological C02/bicarbonate 
environment peroxynitrite reacts with CO 2 to 
form nitrosoperoxycarbonate anion (ONOOCOp 
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[35-37]. This molecule is then protonated at phys- 
iological pH to form nitrosoperoxycarbonic acid. 
This highly unstable intermediate spontaneously 
decomposes by homolytic cleavage to give rise to 
nitrogen dioxide, hydroxyl radicals, andC02. Both 
nitrogen dioxide and hydroxyl radicals are far 
more chemically reactive than peroxynitrite and 
thus represent the actual species responsible for 
the detrimental effects of peroxynitrite. 

The actual concentration ofperoxynitrite that is 
produced in the reperfused heart has been a point 
of contention. Some investigators have speculated 
that perhaps only low micromolar concentrations 
of peroxynitrite may be formed, and that concen- 
trations above these levels would probably not 
be formed in vivo [38]. Other investigators have 
alternatively suggested that peroxynitrite may 
be formed in much higher micromolar concentra- 
tions, at least over brief periods of time in certain 
compartments of the cell due to the localization of 
the production of both NO and Og [39,40]. Un- 
fortunately, there is no accurate method to di- 
recdy measure the actual concentration of per- 
oxynitrite in biological milieu, owing in part to 
the extremely short half-life of this molecule [31]. 
Thus, the true in vivo concentration of peroxyni- 
trite rem ain s a sp^ulation. However, based on 
the available techniques to estimate its formation, 
peroxynitrite production during reperfusion is un- 
doubtedly increased relative to preischemic levels 
[20,29]. Moreover, it should be noted that these 
methods likely underestimate endogenous perox- 
ynitrite formation by at least one or more orders 
of magnitude [29]. 

The Contentious Role of Peroxynitrite 
in Myocardial Reperfusion Injury 

The increased production of peroxynitrite has an 
array of effects in the reperfused myocardium 
which have been the subject of a number of re- 
views [41^44]. However, there has been some con- 
troversy in regards to whether peroxynitrite is 
harmful or protective in the setting of ischemia- 
reperfusion injury. This review will seek to syn- 
thesize these seemingly disparate views into a 
coherent explanation of peroxynitrite’ s role in my- 
ocardial reperfusion injury. To summarize, perox- 
ynitrite which is produced endogenously (that is, 
within the myocardium) is hkely cytotoxic, and 
acts through a number of different mechanisms 
(discussed below) to contribute to reperfusion in- 
jury. Peroxynitrite produced outside of the my- 
ocardium (from neutrophils and other circulat- 
ing cells or ad mini stered in experimental settings) 
reacts with endogenous thiols containing com- 
pounds, in particular glutathione, to produce NO 
donors which are cytoprotective and ameliorate 



cardiac dysfunction. Thus, the objective of this re- 
view will be to demonstrate that peroxynitrite is a 
dichotomous molecule with both detrimental and 
beneficial effects in myocardial reperfusion inj ury . 

Peroxynitrite is Toxic and Contributes 
to Reperfusion Injury 

The targets of peroxynitrite in the cell include 
proteins [45], lipids [46], carbohydrates [47], and 
nucleic acids [48]. The reaction of peroxynitrite 
with these biomolecules results in hpid peroxida- 
tion [46,49], protein modification by oxidization of 
sulfhydryl groups [50] and nitration of tyrosine 
residues [51]. The detrimental effects ofperoxyni- 
trite include stmctural damage, enzyme dysfunc- 
tion, ion channel and transporter malfunction and 
eventually cell death. 

Wang and Zweier [20] demonstrated an 
increased production of peroxynitrite upon reper- 
fusion of the ischemic rat heart by using an elec- 
tron paramagnetic resonance spin trap technique. 
By detecting dityrosine, a fluorescent reaction 
product between L-tyrosine and peroxynitrite, we 
showed a rapid release of peroxynitrite into the 
coronary perfusate during repermsion following 
ischemia which peaks within the first minute 
[29]. This production ofperoxynitrite was blocked 
by the addition of N^-monomethyl-L-arginine 
(L-NMMA, a NOS inhibitor) [29] or the addition 
of superoxide dismutase [20,29]. Nitrotyrosine 
residues within proteins, a footprint of perox- 
ynitrite production, was also detected in both 
rat and c ani ne myocardium using in vivo mod- 
els of ischemia-reperfusion [17,52]. Increased my- 
ocardium derived nitrotyrosine was also detected 
in human patients undergoing cardiopulmonary 
bypass, a clinical situation of ischemia-reperfusion 
injury [53]. Blocking the production of peroxyni- 
trite conferred functional protection on the heart 
[20,29]. We observed that low concentrations of 
NOS inhibitors significantly improved mechani- 
cal function during reperfusion following global is- 
chemia in isolated working rabbit hearts perfused 
in the presence of physiologically relevant concen- 
trations of fatty acid [32] as well as in isolated 
rat hearts perfused according to the method of 
Langendorffwith fatty acid free crystalloid buffer 
[29]. 

The cytotoxic effects ofperoxynitrite can also be 
seen by its infusion directly into isolated hearts. 
Continuous infusion of 40 nM peroxynitrite into 
isolated working rat hearts caused a significant 
decrease in cardiac efficiency (as measured by 
a decrease in mechanical function with no cor- 
responding change in oxygen consumption) [40]. 
There was a lag time of 20-25 minutes before the 
dec li ne in mechanical function began, and this loss 
was already irreversible by 45 min utes of inf usion. 
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This suggests that there is likely a depletion of 
anti-oxidant reserves before irreversible changes 
occur in the heart. Ma et al. [54] found that the 
infusion of 3-morpholinosydnonimine (SIN-1, a 
spontaneous donor of both NO and Oj and thus 
considered to be a peroxynitrite donor) during 
reperfusion significantly aggravated mechanical 
dysfunction and the loss of tissue creatine kinase. 
Interestingly, the simultaneous infusion of super- 
oxide dismutase with SIN-1 (which would effec- 
tively remove any Og produced by SIN-1 and ren- 
der it an NO donor) significantly improved both 
measures of ischemia-reperfusion injury [54] . 

The controversial effect of NOS inhibitors in 
ischemia-reperfusion resides in the dual roles of 
NO. The basal generation of NO in the coronary 
vasculature acts both as an anti-oxidant and as 
a cytoprotective molecule in myocardial ischemia- 
reperfusion injury [29]. The enhanced simulta- 
neous production of NO and superoxide, leading 
to enhanced peroxynitrite formation, is detrimen- 
tal to the cardiac myocyte. This partially explains 
the reported findings of a lack of protection from 
reperfusion injury with NOS inhibitors, particu- 
larly when used at high concentrations [55-60]. 
We showed that the relationship between the con- 
centration ofNOS inhibitor versus protection from 
ischemia-reperfusion is in the form of a steep bell- 
shaped curve [29]. By using high concentrations 
ofNOS inhibitors, all NO production (including 
the basal, physiologically necessary production of 
NO) will be eliminated. A similar response was 
also noted by Depre et al. [61] using a low-flow is- 
chemia model in isolated rabbit hearts. Thus, the 
basal production NO is protective and obhgatory 
for proper cardiac function. 

There is a complete absence of literature show- 
ing any cardioprotective effects of peroxynitrite 
formed endogenously in the heart. Such endoge- 
nous peroxynitrite formation is involved not only 
in reperfusion injury, but also pro-inflammatory 
cytolane-induced heart failure [62], doxorubicin- 
associated cardiotoxicity [63], allograft rejec- 
tion [64], and myocardial inflammation [65]. 
These investigations provide a consensus that 
myocardial peroxynitrite formation contributes 
to a variety of myocardial injuries, including 
ischemia-reperfusion induced injury. 

Emerging Effectors of Peroxynitrite 
Induced Reperfusion Injury 

As mentioned previously, peroxynitrite oxidizes 
and nitrates a large number of moieties, including 
lipids, proteins, and DNA (Fig. 2). Peroxynitrite 
can directly initiate lipid peroxidation in polyun- 
saturated fatty acids and form nitrated lipids [46]. 
This leads to instability of the cellular membrane 
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Fig. 2. Mechanisms of peroxynitrite induced cardiac 
dysfunction: Peroxynitrite derived oxidants have been shown 
to interact with a variety of intracellular targets in vivo and 
in vitro, Peroxynitrite oxidizes a number of membrane, 
mitochondrial, and nuclear proteins. The inhibition of 
manganese SOD (MnSOD), prostacyclin synthase, 
sarcoplasmic Ca^'^-ATPase, and mitochondrial aconitase 
contribute to cellular dysregulation. Peroxynitrite can also 
contribute to myocardial dysfunction by directly activating 
matrix metaloproteinases (MMPsJ, inactivating tissue 
inhibitors of metalloproteinase (TIMPs), and by activating 
poly (ADP-ribose) polymerase (PARP) indirectly by causing 
DNA strand breaks. 



and may contribute to increased membrane per- 
meability following reperfusion. Peroxynitrite can 
also disrupt and inhibit the function of proteins 
with iron-sulfur centres. For instance, mitochon- 
drial aconitase, an enzyme involved in the Krebs 
cycle, is irreversibly inhibited by peroxynitrite 
[66]. Inhibition of this enzyme might contribute to 
the disrupted metabolic state of the myocardium 
following reperfusion [67]. Other reported actions 
of peroxynitrite that may contribute to myocar- 
dial reperfusion injury include: (1) the inactiva- 
tion of manganese SOD, and thus a decrease in 
Og scavenging [68]; (2) the inactivation of the sar- 
coplasmic Ca^'^'-ATPase and subsequent disreg- 
ulation of calcium homeostasis [69]; (3) the in- 
activation of prostacyclin synthase, reducing the 
production of cytoprotective prostacyclin [70]; (4) 
oxidation of mitochondrial and nuclear proteins; 
and (5) nitration of tyrosine residues, which dis- 
rupts protein structure by changing a normally 
hydrophobic residue into a hydrophilic one [31]. 
Many more potential targets exist, however, the 
hmited scope of this review prevents a full exami- 
nation of these interactions. Instead, two exciting 
and emerging downstream effectors of peroxyni- 
trite are discussed below. 

Matrix Metalloproteinases 

Matrix metalloproteinases (MMPs) are a family 

of zinc-containing endopeptidases which, when 
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activated, can cleave a variety of extracellular ma- 
trix proteins. Based on their in vitro substrate 
preference and structural homology, MMPs are 
categorized into five groups: collagenases, gelati- 
nases, stromelysins, membrane-type MMPs (MT- 
MMPs) and miscellaneous MMPs [71]. Each group 
has distinct features but also share common prop- 
erties with other group members. MMP-2 (gelati- 
nase A, type IV collagenase) is of particular in- 
terest due to its unique characteristics. MMP-2 is 
a constitutive enzyme which is ubiquitously ex- 
pressed at a higher level than any other MMP 

[72] . Moreover, MMP-2 has been recognized to play 
an important role in a number of physiological 
and pathological conditions such as embryogene- 
sis, wound heahng, angiogenesis, atherosclerosis, 
and heart failure [72]. 

We recently uncovered the role of MMP-2 
in acute myocardial ischemia-reperfusion injury 

[73] . We found that there is a basal release of 
MMP-2 into the coronary effluent of aerobically 
perfused rat hearts. During reperfusion following 
ischemia, there is a rapidly enhanced release of 
MMP-2 within the first minute which was accom- 
panied by a loss in its tissue level. This peak in 
MMP-2 release follows the peak in peroxynitrite 
release by about 30-120 seconds, as observed in 
nearly identical perfusion protocols [29,74]. The 
activity of the released MMP-2 correlates direcdy 
with the ischemic time, and there is a negative 
correlation between the release of MMP-2 activ- 
ity in reperfusion and the recovery of cardiac 
mechanical function. Inhibitors of MMPs (either 
o-phenanthrohne, doxycycline or a neutralizing 
anti-MMP-2 antibody) protected the heart from 
ischemia-reperfusion injury [74]. 

How MMP-2 activity is increased during 
ischemia-reperfusion is not known. The critical 
step of MMP activation is the disruption of bond 
between a cysteine residue in the propeptide do- 
main and its catalytic zinc centre which can be 
achieved by two distinct pathways in vitro. Pro- 
teases such a plasminogen, trypsin, and other 
MMPs can activate MMPs by proteolysis of the 
propeptide domain [75] . The active MMP then has 
a lower molecular weight. Many chemical reagents 
are also able to activate MMPs by disrupting the 
cysteiny 1-zinc bond without a change in molecular 
weight. With its strong oxidation potential, perox- 
ynitrite activates MMP-2, MMP-9, and Ml^-8 in 
a concentration-dependent fashion [76-78]. More 
recently, S-glutatfiiolation of MMPs has been 
suggested to be involved in this peroxynitrite- 
dependent activation process [79]. Interestingly, 
peroxynitrite can also inactivate the tissue inhibi- 
tors of MMPs (TIMPs), the endogenous inhibitors 
of MMPs [80]. The striking similarity between the 
profiles of peroxynitrite production and MMP-2 ac- 
tivation during ischemia-reperfusion injury leads 



us to hypothesize that peroxynitrite is indeed 
involved in the activation of MNff-2 [29,74]. 

We explored the role of peroxynitrite mediated 
activation of MMPs in crystalloid-buffer perfused, 
isolated rat hearts [74]. Peroxynitrite was con- 
tinuously infused into these aerobically perfused 
Langendorff hearts at concentrations of 30 or 
80 /aM for 15 minutes. Infusion of 80 /xM perox- 
ynitrite caused a progressive dechne of cardiac me- 
chanical function after a lag time of 5-10 minutes. 
Enhanced release of MMP-2 activity was also seen 
to precede the decline of cardiac mechanical func- 
tion in a concentration-dependent manner. Scav- 
enging peroxynitrite with glutathione prevented 
the increased release of MMP-2 activity. The me- 
chanical dysfunction caused by peroxynitrite in- 
fusion was amehorated by the co-infusion of an 
MMP inhibitor [74]. Similar myocardial activa- 
tion of MMPs has been reported in vivo using 
porcine and canine models of regional myocardial 
ischemia [81,82]. In human atrial biopsy samples 
taken from patients undergoing cardiac bypass 
surgery, MMP-2 activity has also been shown to be 
upregulated in an acute time frame which paral- 
lels peroxynitrite production [83]. These findings 
suggest that peroxynitrite induced myocardial in- 
jury is mediated, at least in part, through MMPs. 
How does the oxidative activation and subsequent 
release of MMPs result in ischemia-reperfusion 
injury? 

The proteolysis of the regulatory element of con- 
tractile proteins such as troponin I is involved 
in the pathophysiology of myocardial ischemia- 
reperfusion injury [84]. The enzyme responsible 
for the proteolytic degradation of troponin I re- 
mains unknown, although some evidence suggests 
a possible role for calpain, a calcium-activated pro- 
tease [85]. We found that troponin I was highly 
susceptible to proteolysis by MMP-2 in vitro [86]. 
Reduced levels of troponin I was found in hearts 
subjected to ischemia-reperfusion compared to 
aerobically perfused hearts. Inhibition of MMPs 
using either o-phenanthroline or doxycychne not 
only improved the recovery of cardiac mechanical 
function but also prevented the degradation and 
loss of troponin I. We also found a co-localization of 
MMP-2 within sarcomeres using immunogold and 
confocal microscopy, as well as hy immunoprecip- 
itation studies. This is the first evidence for both 
the intracellular localization and biological action 
of MMPs, a family of enzymes previously consid- 
ered to have actions outside of cells [86]. Taken to- 
gether, these data clearly suggest a critical role of 
MMP-2 in acute myocardial ischemia-reperfusion 
injury. 

In addition to contractile proteins, MMP-2 may 
also adversely affect myocardial microvascular 
tone by processing big-endothehn into a novel 
peptide termed medium endothelin, which is a 
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more potent vasoconstrictor than endothelin- 1 it- 
self [87]. MMP-2 can also inactivate the vasodila- 
tor calcitonin gene related peptide [88]. These ef- 
fects of MMP-2 released from the heart would lead 
to an overall vasoconstrictive effect and could con- 
tribute to the decrease in coronary flow that is seen 
following reperfusion. 



Poly (ADP-ribose) Polymerase 
Poly (ADP-ribose) polymerase (PARP) is a chro- 
matin bound enzyme that is found in the nuclei 
of a variety of cells, including cardiac myocytes 
[89]. Under normal physiological conditions it is 
involved in a number of processes, such as gene 
expression and cellular differentiation, which rely 
on DNA replication and repair [90]. However, un- 
der conditions of oxidant stress, peroxynitrite can 
serve as a powerful trigger of DNA single strand 
breaks with the consequent dimerization and acti- 
vation of PARP [91]. When activated under these 
conditions, PARP catalyzes the transfer of ADP 
ribose from NAD to a variety of nuclear proteins 
in an attempt to repair the single strand breaks. 
Since NAD is essential for proper mitochondrial 
respiration, the depleted NAD must be restored 
using an ATP dependent process. 

It is believed that when the myocardium is 
reperfused, peroxynitrite causes significant DNA 
damage that activates PARP. The depletion of both 
NAD and ATP caused by this activation leads to 
cellular dysfunction and death. This sequence of 
events was mimicked by the addition of peroxyni- 
trite to H9C2 rat cardiac myocytes. In this system, 
500 /xM of peroxynitrite caused a significant acti- 
vation of PARP and a subsequent depression of 
mitochondrial respiration [92]. However, the dele- 
terious effects of peroxynitrite could be blocked 
by the addition of 3-aminobenzamide, a PARP in- 
hibitor which reacts with thiols in the zinc finger 
DNA binding domain of the enzyme [90]. 

Further whole organ and in vivo studies have 
confirmed the importance of PARP activation in 
mediating myocardial ischemia and reperfusion 
injury. The addition of 3-aminobenzamide to 
isolated rabbit hearts decreased infarct size 
and cardiac mechanical dysfunction following 
30 minutes of ischemia [93]. Similar protection 
was noted by Halmosi et al. [94] when they 
used PARP inhibitors (either 3-aminobenzamide, 
nicotinamide, BGP-15, or 4-hydroxyquinazoline) 
in isolated perfused rat hearts subjected to 
ischemia-reperfusion. Using an in vivo rat 
model of ischemia-reperfusion, Zingarelli et al. 
[92] demonstrated that pretreatment with 
3-aminobenzamide significantly decreased my- 
ocardial creatine kinase loss and increased 
myocardial ATP levels. Finally, isolated working 
hearts from PARP (-/-) knockout mice were 



resistant to functional depression following 
hypoxia-reoxygenation injury [95]. 

Interestingly, the inhibition of PARP also pro- 
tects the myocardium from neutrophil infiltration 
and the oxidative stress that these cells elicit 
[90]. The inhibition of PARP decreased the ex- 
pression of the adhesion glycoproteins (P-selectin, 
ICAM-1) responsible for neutrophil adherence 
and infiltration following myocardial ischemia- 
reperfusion [96]. Furthermore, the administra- 
tion of 3-aminobenzamide to rats subjected to my- 
ocardial ischemia-reperfusion in vivo decreased 
neutrophil infiltration and nitrotyrosine stain- 
ing [92,96]. This suggests that PARP is not only 
a downstream effector of peroxynitrite induced 
damage, but also an upstream trigger for further 
oxidative damage. Thus, pharmacologically in- 
hibiting the interaction between peroxynitrite and 
PARP, and/or the selective inhibition of PARP, may 
be a promising new avenue to prevent myocardial 
ischemia-reperfusion injury. 

Peroxynitrite Ameliorates Reperfusion Injury 
Through the Formation of NO Donors. Per- 
oxynitrite apphed directly through the coronary 
vasculature may also have some potentially ben- 
eficial effects in myocardial ischemia-reperfusion 
injury (Fig. 3). In order to demonstrate these ef- 
fects the heart must be perfused with either blood. 
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Fig. 3. Mechanisms of peroxynitrite induced cardioprotection: 
Peroxynitrite primarily exerts its protective effects through 
reactions with antioxidants, particularly thiol containing 
compounds (R-SH). A significant amount of peroxynitrite can 
he detoxified by gluatathione (GSH), which is consequestly 
transformed into the NO donor nitroaoglutathione (GSNO). 
The NO released from nitrosoglutathione has cytoprotective 
effects. Alternatively, peroxynitrite may diminish its own 
production by inhibiting NO and 0‘g producing enzymes. 
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neutrophils, or a crystalloid solution containing 
antioxidants (for example, glutathione). Lefer 
et al. [97] demonstrated that infusion of 0.8 fiM. 
of peroxynitrite in rat hearts perfused with a 
neutrophil-enriched crystalloid buffer significan- 
tly improved cardiac function following reperfu- 
sion. This improved function was associated 
with decreased neutrophil infiltration and impro- 
ved coronary flow, suggesting that the exogenous 
addition of peroxynitrite decreased neutrophil 
adhesion and subsequent vascular plugging. Per- 
oxynitrite was beneficial in this investigation and 
others [38,98-100] due to antioxidants and/or 
thiol containing proteins (albumin, uric acid, 
glutathione) present in the blood/leukocytes/ 
perfusion buffer used. These antioxidants not 
only effectively reduce the concentration of 
peroxynitrite, but also convert it to NO donor 
compounds, thereby converting a potentially toxic 
molecule into a cytoprotective one [101,102]. 

In order to investigate the dependence of perox- 
ynitrite’ s protective effects on such antioxidants, 
Ma et al. [39] perfused isolated rabbit hearts with 
either blood or a crystalloid buffer solution. The 
hearts were subjected to 30 min utes of ischemia 
and then infused with either 1,3, 30, or 100 mM of 
peroxynitrite at the onset of reperfusion. In crys- 
talloid buffer perfused hearts, peroxynitrite pro- 
duced a concentration dependent aggravation of 
cardiac mechanical function. However, in blood 
perfused hearts, peroxynitrite produced a bell 
shaped response, showing significant protection at 
lower concentrations, but none at aU at 100 mM. 
This high concentration of peroxynitrite could 
have overwhelmed the antioxidants (such as glu- 
tathione) present in the blood. Furthermore, this 
high concentration of peroxynitrite was likely ca- 
pable of penetrating into the cardiac myocytes. A 
similar study demonstrated that exogenous per- 
oxynitrite was beneficial in vivo only during blood 
cardioplegia, and not crystalloid buffer cardiople- 
gia [99] . These investigations clearly reveal that 
the dichotomous nature of peroxynitrite is fully 
dependent on the perfusion environment. 

The cardioprotective effects of peroxynitrite can 
be mimicked if glutathione is supplemented into 
the crystalloid perfusion buffer. We showed that 
as little as 30 /aM glutathione readily protected 
aerobically perfused rat hearts from functional 
damage induced either by 80 /iM peroxynitrite 
or by ischemia-reperfusion [KXI]. Significantly, 
the improved functional recovery of glutathione 
treated hearts correlated with decreased dityro- 
sine formation in the perfusate (that is, reduced 
peroxynitrite availability) as well as enhanced 
cGMP levels during reperfusion, suggesting that 
an NO donor intermediate was formed during 
reperfusion [100]. Furthermore, Ma et al. [54] 
demonstrated that the toxic effect of SIN-1 on 



isolated ischemia-reperfused rat hearts can be 
converted into a beneficial effect with glutathione. 
Finally, using an in vivo dog model, the addi- 
tion of glutathione to crystalloid cardioplegia solu- 
tion increased nitrosoglutathione formation in the 
cardioplegic solution and decreased subsequent 
neutrophil adhesion upon reperfusion [98]. 

Thus, studies which have used authentic 
peroxynitrite infused into hearts perfused with 
either blood, or crystalloid buffer supplemented 
with plasma or glutathione, have essentially 
shown the effects of the administration of an 
exogenous source of NO. It has long been recog- 
nized that the infusion of L-arginine [32,58] or 
NO donors [29,103,104] attenuates myocardial 
ischemia-reperfusion injury, regardless of the 
perfusion environment, by working through a 
number of cardioprotective mecha ni s ms . First, 
although NO is a free radical it is also a potent 
antioxidant which can effectively neutralize a 
number of oxidant species [31]. Second, NO has 
potent anti-neutrophil and anti-platelet effects 
that can decrease vascular plugging, and neu- 
trophil infiltration [105]. Thirdly, through the 
activation of cGMP dependent pathways, calcium 
overload of cells is diminished. Finally, NO is 
a potent vasodilator [106] that can counter the 
decreased coronary flow which is prevalent during 
reperfusion. 



Other Mechanisms of Protection 
of Exogenously Administered Peroxynitrite 

Aside from the formation of nitrosoglutathione, 
peroxynitrite administered exogenously may act 
through several other mech a nisms to effect cardio- 
protection. For example, peroxynitrite can inhibit 
xanthine oxidase (a Og generator) [107] and both 
eNOS and iNOS [108] in a concentration depen- 
dent manner. If this were to occur in vivo during 
reperfusion, peroxynitrite could act in a negative 
feedback mechanism to inhibit its own production. 
There has also been a report that 0.4 /iM per- 
oxynitrite infused into crystalloid buffer perfused 
into rat hearts during reperfusion had no effect 
on cardiac function but significantly attenuated 
reperfusion-induced arrhythmias [109]. 

Despite all these potentially beneficial effects 
of exogenous peroxynitrite, one should not lose 
sight of the fact that ‘endogenous’ peroxynitrite 
formation is cytotoxic. Even when using in vivo 
models of ischemia-reperfusion (a model with a 
large pool of various antioxidants), extensive tis- 
sue nitrotyrosine formation has been noted [17], 
which is indicative of widespread protein modifi- 
cation. Thus, although nitrosoglutathione may be 
cytoprotective, peroxynitrite which is not detoxi- 
fied during reperfusion is most likely harmful. 
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Conclusions 

The contribution of peroxynitrite to myocardial 
reperfusion injury remains complicated and elu- 
sive in many ways. However, based on the ex- 
perimental evidence presented in this review, it 
may be possible to classify peroxynitrite as a 
molecule with dichotomous effects in myocardial 
reperfusion. Peroxynitrite produced within the 
myocardium is likely cytotoxic, and contributes 
to the myocardial ischemia-reperfusion injury. Ex- 
ogenously produced or infused peroxynitrite, how- 
ever, may exert protective effects by inhibiting 
leukocyte adhesion and infiltration via its trans- 
formation into nitrosoglutathione. Thus, in order 
to design new rational therapeutics for reperfu- 
sion, researchers must try to inhibit the detrimen- 
tal effects of “endogenous” peroxynitrite, while po- 
tentiating the beneficial aspects of “exogenous” 
peroxynitrite. 

One approach may be to target the downstream 
effectors of perox 3 mitrite, such as MMPs and 
PARP. More research needs to be conducted to pro- 
vide a better understanding of these targets. Al- 
ternatively, peroxynitrite decomposition catalysts, 
such as 5,10,15,20-tetrakis-[4-sulfonatophenylj- 
porphyrinato-iron[III] (FeTPPs) may also be eval- 
uated [110]. These dmgs are able to catalyze the 
rapid decomposition of peroxynitrite into harm- 
less byproducts. FeTPPS was shown to be effec- 
tive against ischemia-reperfusion injury of the 
splanchnic artery [111] and in pro-inflammatory 
cytokine-induced cardiac dysfunction [62]. Re- 
gardless of the approach taken for future thera- 
pies, a better understanding of peroxynitrite must 
be developed in order to deal adequately with 
reperfusion injury. 
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The Role of the NO Axis and its Therapeutic Implications 
in Pulmonary Arterial Hypertension 

Evangelos D. Michelakis 

University of Alberta Hospitals, Edmonton, Canada 



Abstract. Pulmonary Arterial Hypertension (PAH) is a dis- 
ease of the pulmonary vasculature leading to vasoconstric- 
tion and remodeling of the pulmonary arteries. The re- 
sulting increase in the r^t ventricular afterload leads to 
right ventricular failure and death. The treatment options 
are limited, expensive and associated with significant side 
effects. The nitric oxide (NO) pathway in the pulmonary 
circulation provides several targets for the development 
of new therapies for this disease. However, the NO path- 
way is modulated at multiple levels including transcription 
and expression of the NO synthase gene, regulation of the 
NO synthase activity, regulation of the production ofcycUc 
guanomonophosphate (cGMP) hy phosphodiesterases, post- 
synthetic oxidation of NO, etc. This makes the study of the 
role of the NO pathway very difficult, unless one uses multi- 
ple complementary techniques. Furthermore, there are sig- 
nificant differences between the pulmonary and the sys- 
temic circulation which make extrapolation of data from 
one circulation to the other very difficult. In addition, the 
role of NO in the development of pulmonary hypertension 
varies among different models of the disease. This paper re- 
views the role of the NO pathway in both the healthy and 
diseased pulmonary circulation and in several animal mod- 
els and human forms of the disease. It focuses on the role 
of recent therapies that target the NO pathway, including 
L-Arginine, inhaled NO, the phosphodiesterase inhibitor 
sildenafil and gene therapy. 

Key Words. Sildenafil, Viagra, inhaled NO, primary 
pulmonary hypertension, potassium channels 



Introduction 

There are several challenges in the study of the 
role of the NO pathway in pulmonary hyperten- 
sion. First, the role of NO among different seg- 
ments of the same circulation or among different 
circulations varies and data from one cannot be ex- 
trapolated to the other. For example NO synthase 
(NOS) is mostly expressed in the proximal pul- 
monary arteries in the healthy pulmonary circu- 
lation but in pulmonary hypertension NOS is sig- 
nificantly expressed in the resistance pulmonary 
arteries, which actually control most of pulmonary 
vascular resistance. The redox environment of the 
pulmonary compared to the systemic circulation is 
different and this might be one of the reasons that 
in health, the role of NO in the control of vascular 



tone is more important in the systemic versus the 
pulmonary circulation. 

Second, the NO pathway is controlled at multi- 
ple levels, from gene transcription of NOS to post- 
synthetic redox-based modulation of NO and NO 
oxidation products. The use of only one or two tech- 
niques is usually not adequate in assessing the 
role of the NO pathway in one vascular bed or dis- 
ease model and has led to conflicting results in 
the literature. Multiple and complementary tech- 
niques are needed for a comprehensive study of 
the NO pathway. 

Third, the role of the NO pathway is regu- 
lated differently in different models of pulmonary 
hypertension. For example, in chronic hypoxic 
pulmonary hypertension, hypoxia itself regulates 
NOS gene transcription or NOS enzyme activity. 
Hypoxia is absent in monocrotaline-induced pul- 
monary hypertension and this can make the com- 
parison of the two models of pulmonary hyper- 
tension difficult in terms of the role of the NO 
pathway. 

Following the discussion ofthese challenges, we 
will focus on the role of several new therapies for 
pulmonary hypertension that modulate the NO 
pathway and discuss the data on human studies 
in detail, where available. 

The Pulmonary Circulation 

There are significant differences between the pul- 
monary and the systemic circulation that make 
extrapolation of findings from one circulation to 
the other very difficult. At baseline (normoxia) the 
pulmonary circulation is low pressure, i.e. it is 
relatively vasodilated, compared to the systemic 
circulation. On the other hand, the thin-walled 
pulmonary arteries (PA) constrict in response 
to hypoxia (hypoxic pulmonary vasoconstriction, 
HPV), while the more muscular systemic arteries 
dilate. HPV is mediated by a redox mechanism 
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[12] and recendy significant redox differences 
have been described between the pulmonary and 
systemic vascular beds (hke the renal circula- 
tion) [3]. The pulmonary circulation is in a more 
reduced redox state compared to the renal cir- 
culation as reflected by the higher levels of ac- 
tivated oxygen species (AOS, superoxide and hy- 
drogen peroxide) and reduced glutathione (GSH) 
[3]. These differences might be in part due to the 
fact that the PA smooth muscle cells (SMC) have 
different mitochondria (more depolarized, higher 
levels of mitochondria manganese superoxide dis- 
mutase) compared to renal artery SMC and they 
might in part explain the opposing effects of the 
pulmonary and renal circulations to hypoxia [3]. 
These redox differences might also be important 
in the interpretation of the role of several redox- 
sensitive second messengers and pathways in the 
vascular biology of the two circulations (for review 
see [4]). One very important redox- sensitive path- 
way is that of the vasodilatation due to NO, which 
is itself an AOS [4]. 



NO Chemistry 

NO is an AOS and although not particularly un- 
stable in low concentrations and in the absence of 
O 2 , it is very unstable in biological models, pri- 
marily due to the presence of O 2 , AOS and ox- 
idizing agents such as oxyhemoproteins [5]. NO 
tends to exist as a gas and is poorly soluble in 
water. This property allows the small molecule to 
pass freely across ceU boundaries. The fate of NO 
in the presence of O 2 , depends on the phase in 
which the reaction occurs. In the gas phase, NO 
reacts with O 2 to give the brown gas nitrogen diox- 
ide (NOp and N20s:2N0 + 02^ 2N0-, NO + 
NO 2 -^N203. In the liquid phase -in the absence 
of hemoproteins- NO is oxidized to NOg :4N0 -t- 
O 2 -*■ 4 HNO 2 -> 4 NO 2 + 4H"''. In biological sys- 
tems however, where oxidizing agents such as oxy- 
hemoproteins and superoxide are present, NO is 
further oxidized to NOg and peroxynitrite, respec- 
tively. NOg is the dominant species of NO oxida- 
tion products (NO*) in vivo. Furthermore, in the 
presence of strong oxidizing agents, NOg is also 
oxidized to NOg . 

Because of its very short half-life and its sus- 
ceptibility to postsynthetic oxidation, measuring 
NO is a challenge [5]. It is very important to use 
several methods, when one wants to study com- 
plex conditions that can affect the NO pathway 
at many levels, l ik e hypoxia. For example, chronic 
hypoxia increases the NO and NO:x: levels (mea- 
sured by chemiluminescence) but at the same time 
the activity of NO synthase (NOS) is decreased 
(measured by the L-citrulline assay). This appar- 



ent paradox appears to be explained at least in 
part by the finding that the total amount of the 
expressed NOS protein is increased in chronic hy- 
poxia (shown by immunohistochemistry). Use of 
only one technique can lead to misleading or con- 
fusing results (for further discussion see [6]). The 
importance of this concept is also discussed later 
when the NO axis is compared among different 
models of pulmonary hypertension (PHT). 



The NO Axis in the Vasculature 

NO is formed by oxidation of a terminal guani- 
dino nitrogen of L-arginine in the presence of 
a heme-containing enzyme, NOS [7]. The pro- 
cess is oxygen-dependent and important cofac- 
tors include reduced nicotinamide adenine nu- 
cleotide phosphate, flavin adenine dinucleotide, 
flavin mononucleotide and tetrahydrobiopterin 
[7]. There are 3 known NOS isozymes: Isozyme 
I is mostly expressed in neurons (neuronal NOS, 
nNOS) but also in epithelial and vascular cells 
including PASMC [8] . Isozyme II is induced (in- 
ducible NOS, iNOS) by several mediators of in- 
flammation and is regulated at the level of gene 
expression. Once expressed, iNO produces NO at 
very high rates. In contrast to isozymes I and III, 
the activity of iNOS is independent of the lev- 
els of intracellular Ca'‘‘+. Isozyme III is consti- 
tutively expressed mostly in, but not restricted 
to, endothelial cells (endothelial NOS, eNOS). Al- 
though eNOS is the main isozyme involved in the 
regulation of vascular tone, both nNOS and iNOS 
have been reported to be involved in the produc- 
tion of pulmonary vascular NO in both disease 
states and normal development [9,10]. 

Whereas at very high levels NO reacts to O 2 
and superoxide giving rise to NOjc and highly 
toxic substances li ke peroxynitrite, at lower lev- 
els, as occurs within the normal vasculature, NO 
activates soluble guanylate cyclase, resulting in 
increased levels of cGMP within the target cells 
[7]. cGMP activates a cGMP-dependent protein ki- 
nase, which is responsible for most of the vasodila- 
tory effects of NO [7]. A major pathway by which 
NO relaxes PAs is via cGMP-kinase-dependent 
phosphorylation of PASMC sarcolemm^ potas- 
sium (K+j channels (Fig. 1) [11,12]. 

K+ channels are transmembrane proteins with 
a pore -forming unit that allows the selective efflux 
of K'^ions from the cytoplasm [13]. Based on phar- 
macologic and molecular criteria, K”*" channels in 
the vasculature are separated into 3 families: the 
Kv, the Ca+^-activatedlKca) and the inward recti- 
fier (Kir) [14]. When channels open there is an 

efflux of K"*" ions from the cells down a concentra- 
tion gradient (intracellular / extracellular K+ con- 
centration = 140/5 mEq) and the interior of the 
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Fig.l. The NO axis and potential therapeutic targets in the 
treatment of pulmonary hypertension. 



cell becomes more negatively charged (hyperpo- 
larization). In contrast, when K"*" channels close, 
the cell becomes depolarized. Depolarization be- 
yond a certain level, due to failure of K"*" channels 
to open (whether because they are pharmacologi- 
cally inhibited, mutated or downregulated) causes 
opening of the voltage-gated L-type Ca"'"'' chan- 
nels, influx of Ca"'"'", activation of the actin-myosin 
complex and contraction [14]. Thus, in blood ves- 
sels, K"*" channel openers are vasodilators and K'*' 
channel inhibitors are vasoconstrictors. For exam- 
ple, NO causes vasodilatation in part by opening 
the Kca channels (Fig. 2). This leads to PASMC 



hyperpolarization, inhibition of the voltage-gated 
L-type Ca'*''*' channels, a decrease in the Caj lev- 
els and vasorelaxation. 

In addition to the effects on K+ channels, cGMP- 
kinase causes a decrease in Ca]^'*' via effects on 
several types of Ca'^+ channels and transporters 
and the sarcoplasmic reticulum [15]. Further- 
more, cGMP-kinase causes SMC relaxation by di- 
rect effects on the actin-myosin apparatus [16]. 

K'*' channels play a major role in the regula- 
tion of pulmonary vascular tone both in health 
and disease (for review see [14,17]). Kv channels 
control PASMC membrane potential and their in- 
hibition by hypoxia leads to the very important 
HPV [14,18]. Their direct inhibition by anorec- 
tic agents l ik e dexfenfluramine has been impli- 
cated in the pathogenesis of several epidemics of 
anorectic-induced pulmonary hypertension in the 
recent years [19]. Furthermore, a selective down- 
regulation of Kv channels has been impheated in 
the pathogenesis of chronic hypoxic pulmonary hy- 
pertension [20,21] and in primary pulmonary hy- 
pertension in humans [22]. 

The pathway leading to K+ channel activation 
in the pulmonary circulation was elegantly eluci- 
dated and pharmacologically dissected by Archer 
et al. and shown in Fig. 1 [11]. The levels ofcGMP 
are regulated by the balance between production 
(by NO and other endothehal derived products) 
and degradation by phosphodiesterases. Also the 
activity of the K+ channels in the PASMC is regu- 
lated in part by the balance between phosphoryla- 
tion by the cGMP-kinase (which promotes activa- 
tion) and the de-phosphorylation by phosphatases 
(which promote inhibition). Several levels of this 
pathway (shown in Fig. 1 in boxes) are the tar- 
get of current standard or investigational phar- 
macologic interventions in the treatment of pul- 
monary hypertension and are discussed in detail 
later. 
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Fig. 2. Left: The NO donor DEANO relaxes phenylephrine (PE) -constricted human PAs, obtained from transplant surgery. Right: 
DEANO activates currents in freshly isolated human PASMC. 
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Fig. 8. NOS inhibitors increase the systemic but not the pulmonary circulation in isolated rat organs (left) and in humans (right). 
Obtained with permission from Hampl and Herget (2000). 



NO and the Normal 
Pulmonary Circulation 

NO does not appear to play an important role in 
the normal pulmonary circulation. This conclu- 
sion is mostly based on experiments using NOS 
inhibitors, showing that these drugs do not alter 
tone in a variety of models, including isolated PAs, 
perfused lungs and intact animals, nicely summa- 
rized and reviewed recently by Hampl and Herget 
[23]. This is in contrast to the systemic circulation, 
where NOS inhibitors result in the expected in- 
crease in tone in a variety of models [23]. Figure 3 
shows that NOS inhibitors increase systemic vas- 
cular resistance but not PVR both in the rat and 
in humans. Note that in humans (on the right), 
PVR does not increase by doses of NOS inhibitors 
enough to inhibit systemic endothelial-derived NO 
and increase systemic vascular resistance. There 
is some increase in the PVR only at very high doses 
and this is probably due to the nonspecific effects 
of NOS inhibitors. These data suggest that un- 
der normal conditions, a basal tonic release of NO 
from the endothelium regulates vascular tone in 
the systemic but not the pulmonary circulation. 
There are several possibilities that could explain 
this difference. 

First, expression of eNOS is low in normal re- 
sistance PAs, the vessels that essentially control 
PVR, and most ofthe eNOS is seen in the endothe- 
lium of the large-conduit PAs in both animals [24— 
27] and humans [28]. This is in contrast to pul- 
monary hypertension, where strong expression of 
eNOS is seen in the resistance and neomuscular- 
ized PAs (Fig. 4) [25-27], as discussed later. 



Second, the biological effects of NO are mod- 
ulated by the redox environment of the target 
cell, as NO itself is an AOS. The significant dif- 
ferences in the redox environments might differ- 
entially regulate the fate of NOic between the 2 
circulations, but clearly this requires further re- 
search. 

The fact that eNOS knockout mice develop mild 
pulmonary hypertension, compared to wild mice, 
at first might suggest that NO plays a role in 
controlling baseline pulmonary vascular tone in 
this model [29]. However, if the eNOS function is 
inhibited by NOS inhibitors in the wild control 
mice, they do not develop pulmonary hyperten- 
sion. It has been postulated that the fact that the 
eNOS- / - mice have mild pulmonary hyperten- 
sion reflects an abnormal transition from the fetal 
to the neonatal pulmonary circulation [23]. In con- 
trast to the low-pressure adult pulmonary circu- 
lation, NO appears to be important in the control 
of tone in the high-pressure fetal pulmonary cir- 
culation [30,31]. In other words, NO contributes 
to the normal transition from the fetal to the low 
pressure neonatal pulmonary circulation and the 
lack of eNOS at this critical transition, results in 
persistence of the fetal remodeling and increased 
resistance in the pulmonary circulation. There- 
fore, the adult eNOS-/- mice do not lack NO in 
the pulmonary circulation and this is further sup- 
ported by the fact that they do not decrease their 
PVR in response to exogenous NO [23]. 

Overall, it appears that NO is not important 
in the low-pressure normal pulmonary circula- 
tion. However, as discussed below, the NO axis be- 
comes important in the high-pressure pulmonary 
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Fig. 4. Immunohistochemistry (double staining technique) of a control and a CH-PHT rat intrapulmonary small PA. eNOS is 
shown in brown and the Kv channel Kv2.1 is shown in pink. There is very low expression of eNOS in the control PA endothelium in 
contrast to the very high eNOS expression in the CH-PHT. Note the medial thickening in the CH-PHT artery. In this black and 
white version brown shows in black and pink shows in gray. 



circulation seen in several models of pulmonary 
hypertension, as it is in the fetal pulmonary 
circulation. 

The NO Axis in Pulmonary Hypertension 

The importance of NO in the pathogenesis or 
maintenance of PHT varies between species, 



different models of PHT and different stages 
of the disease. The NO axis is rarely assessed 
comprehensively within a single study (i.e. NOS 
mRNA, NOS protein expression, NOS activity, 
NO and NOac levels) and this further complicates 
the assessment of the role of NO on this disease. 
The importance of using multiple complementary 
techniques and avoiding extrapolation of findings 
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between the healthy and diseased pulmonary cir- 
culation or between the systemic and pulmonary 
circulation cannot be overemphasized. 

Pulmonary hypertension, whether primary or 
secondary, is characterized by constricted and re- 
modeled PAs, resulting in increased PVR and 
right ventricular afterload. The thin-walled right 
ventricle initially hypertrophies in an attempt to 
maintain cardiac output but soon dilates and fails. 
Patients with primary pulmonary hypertension of- 
ten die within 5 years from the time of diagno- 
sis and the available treatment options are very 
few, expensive and associated with significant side 
effects [32]. Exploration of the NO axis in pul- 
monary hypertension is very important for the 
understanding of current and future therapies of 
pulmonary hypertension. In general, the NO axis 
appears to be activated and play a more impor- 
tant role in the regulation of tone and remodeling 
of the hypertensive compared to the healthy pul- 
monary circulation. This activation is generally 
viewed as a compensatory mechanism, limiting 
the extent of PA vasoconstriction, which is often 
inadequate. It is perhaps the patients with inade- 
quate NO-mediated compensation that might ben- 
efit the most from therapies that aim to enhance 
the endogenous NO axis or directly provide ex- 
ogenous NO. On the other hand, it has also been 
speculated that the increased NO in the diseased 
pulmonary circulation has itself toxic effects and 
contributes to the maintenance of the disease [23]. 



Pulmonary Hypertension: Animal Models and 
the Human Disease 

There are 3 commonly used animal models of pul- 
monary hypertension. 

1. Chronic hypoxia-induced pulmonary hyperten- 
sion ( CH-PHT). This model is relevant to the 
PHT in humans with chronic obstructive pul- 
monary disease [33]. Rats develop pulmonary 
hypertension within ~3 weeks of placement in 
a hypoxic chamber. 

2. Monocrotaline-induced pulmonary hyperten- 
sion (MC-PHT). In this model rats develop 
severe pulmonary hypertension after a single 
intraperitoneal dose of monocrotaline, an alka- 
loid found in the weed crotalaria spectabilis. 
Monocrotaline is thought to initiate pulmonary 
hypertension via its toxic effects on the en- 
dothelium, but the mechanism remains un- 
known [34-36]. 

3. The Fawn-hooded rat ( FH). These rats develop 
spontaneous pulmonary hypertension when ex- 
posed to Denver altitude and although sero- 
toninergic mechanisms have been implicated, 
the pathogenesis of pulmonary hypertension in 
this model remains unknown as well [37-39]. 



Pulmonary Arterial Hypertension (PAH) in hu- 
mans includes a number of diseases characterized 
by abnormalities intrinsic to the pulmonary vascu- 
lature, i.e. abnormalities in the endothelial cells, 
smooth muscle cells, fibroblasts and extracellu- 
lar matrix, leading to PA vasoconstriction, remod- 
eling and in situ thrombosis [32]. PAH includes 
essentially all forms of pulmonary hypertension, 
except those that are secondary to thromboem- 
bolic pulmonary vascular disease and secondary 
to abnormalities of the left ventricle. PAH includes 
primary pulmonary hypertension (PPH — no as- 
sociation with any identifiable cause) as well as 
pulmonary hypertension associated with the use 
of anorectic agents, rheumatologic diseases (like 
scleroderma or lupus erythematosus), congenital 
heart disease, HIV infection and cirrhosis (por- 
topulmonary hypertension) [32]. 

While not significantly expressed in the normal 
resistance PAs, eNOS expression is increased in 
the endothelium of the resistance PAs in CH-PHT 
[25-27,40], MC-PHT [26,40] and the FH rats [26]. 
Interestingly, in addition to the increase in eNOS 
expression, in rats with CH-PHT there is an in- 
crease in PA iNOS expression as well [25,27,41]. 
However, the significance of this remains unclear 
since relatively specific inhibitors of the iNOS do 
not alter tone in CH-PHT PAs [27,41]. 

Whether eNOS expression is increased in hu- 
man PAH remains unclear. Gaid and Saleh re- 
ported decreased eNOS expression [42], whereas 
Xue and Johns [43] reported increased and Tuder 
et al. [44] unaltered eNOS immunostaining. The 
discrepancies among the human studies and be- 
tween the human versus animal data are likely 
due to methodological differences as well as differ- 
ences in the stages and severity of the disease in 
the models studied. For example, animals tend to 
be studied early in the development of the disease, 
whereas human lungs tend to be studied at the end 
stages of the disease; biopsies are now rarely per- 
formed in the workup of pulmonary hypertension 
and most of the tissue is obtained during trans- 
plant surgery or postmortem. 

Increases in the expression of NOS do not nec- 
essarily imply increase in the NO production, 
since the increased protein might have decreased 
enzyme activity. For example, Rengasamy et al. 
[45,46] using the citrulline assay, showed that the 
activity of eNOS is decreased under hypoxic con- 
ditions, whereas as discussed above, the protein 
expression of this enzyme is often increased in 
chronic hypoxia. These authors suggest that O 2 
substrate limitation might regulate NOS activity 
under hypoxic conditions [45,46]. NOS activity is 
rarely studied in both animal and human stud- 
ies. Isaacson et al., used the chemiluminescence 
technique and showed that NOac accumulation in 
the perfusate is neghgible in the perfused lungs of 
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Fig. 5. Comparison of eNOS mRNA levels, protein expression and activity in lungs from rats from 3 different pulmonary 
hypertension models. The findings are discussed in the text and show the importance of using multiple complementary techniques 
in the study of the NO axis in pulmonary hypertension. Obtained with permission from Tyler et al. (1999). 



normal and significantly elevated in the lungs 
from rats with CH-PHT [47] and this was con- 
firmed by Tyler et al. [26]. In this later study, 
the investigators compared eNOS mRNA, protein 
expression and activity (NO, NO* levels) in all 
3 models of rat pulmonary hypertension (Fig. 5) 
[26]. This study showed nicely the importance of 
using multiple complementary techniques in the 
study of the NO axis. While mRNA for eNOS was 
increased in both the CH-PHT and MC-PHT and 
was unaltered in the FH rats, protein expression 
was increased only in the CH-PHT and decreased 
in FH and MC-PHT rats [26]. Lung perfusate 
NO* were increased in the CH-PHT rats and not 
changed in the FH and MC-PHT rats, although 
there was a significant trend towards an increase 
in NO* in the MC-PHT rats [26]. 

The mechanism for the eNOS upregulation re- 
mains unclear. At least for CH-PHT it is possible 
that Hypoxia Inducible Factor (HIF) induces NOS, 
since HIF-1 expression is increased by hypoxia in 
PASMC and endothehal cells [48]. However, there 
is yet no evidence for a HIF-1 binding site in the 
human eNOS promoter, in contrast to iNOS [49] 
and nNOS [50]. 

There is now evidence suggesting that NO and 
ET-1 are involved in the regulation of each other 
through an autocrine feedback loop [51]. For ex- 
ample, in endothelial cells ETB receptor activation 
stimulates eNOS activity [52,53]. Therefore, it is 
possible that ET-1, which is known to be elevated 
in several models of pulmonary hypertension and 
in humans [54—56] is in part responsible for the 
eNOS upregulation. On the other hand, NO-cGMP 
inhibits ET-1 secretion and gene expression [51]. 
NO donors, such as molsidomine have been shown 
to inhibit the formation of ET-1 in the pulmonary 
circulation of rats with CH-PHT [57]. 



The NO axis might also be important in the re- 
modeling of the PAs in pulmonary hypertension 
since NO inhibits SMC proliferation [58,59] and 
is known to induce apoptosis in vascular smooth 
muscle [60,61]. The role of apoptosis in the devel- 
opment of the PA remodeling in pulmonary hyper- 
tension is not clear, i.e. does remodeling require 
increased apoptosis or does apoptosis promote re- 
gression from remodeling and medial hypertro- 
phy? Also, it is possible that apoptosis in the en- 
dothelial cells is different than the apoptosis in the 
smooth muscle cells in the PA media. Neverthe- 
less, Yuan et al. recently showed that NO might in- 
duce PASMC apoptosis by activating Kv and KCa 
channels as well as depolarizing mitochondrial 
membrane potential (A 'I'm) [20]. The opening of 
sarcolemmal K"*’ channels would cause efflux of 
K+ and therefore osmotic cell shrinkage, which is 
known to initiate apoptosis; A^'m depolarization 
has also been implicated in the initiation of apop- 
tosis [62]. This elegant study raises the intriguing 
possibihty that the loss of Kv channels associated 
with the development of pulmonary hypertension 
in animals [17,21] and humans [22], might con- 
tribute to the development of PA remodeling by 
suppressing PASMC apoptosis and thus promot- 
ing PASMC proliferation and medial hypertrophy 
and neomuscularization. 

The role of the NO axis in the development and 
maintenance of pulmonary hypertension remains 
unclear and eN(DS knockout models have not of- 
fered a definitive answer. In contrast to Steudel 
et al. [29] and Pagan et al. [63], Quinlan et al. [64] 
found that eNOS deficient mice show decreased 
muscularization and media thickness in resis- 
tance PAs in response to chronic hypoxia, com- 
pared to the control mice. They speculated that dif- 
ferences in their genetic background of the eNOS 
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deficient and control mice might have accounted 
for the opposing results between their study and 
those from Streudel et al. and Fagaan et al. 

In summary, there appears to be an overall 
enhancement of the NO axis in PAH and there 
appear to be 3 potential roles of the NO axis in 
the hypertensive pulmonary circulation. 

NO in PHT — A Cause of Vascular Injury? 
Hampl and Herget in a recent review suggest 
that the high levels of NO in several models of 
pulmonary hypertension might in fact have detri- 
mental effects, causing oxidative damage in the 
PA wall [23]. NO is 1000 times smaller than Cu, 
Zn SOD (copper, zinc superoxide dismutase), it 
diffuses fast and therefore reacts with superoxide 
at least 10 times faster than SOD can scavenge 
superoxide [65]. Because of this competitive 
advantage, a significant fraction of superoxide 
will produce peroxyni trite when NO production is 
increased and especially when exogenous NO is 
administered [65]. This is particularly important 
in PASMC since, as it was recently showed, PAs 
make much more superoxide and AOS at base- 
hne, compared to systemic arteries like the renal 
artery [3]. Although peroxyni trite is a very potent 
oxidant, it tends to react rather selectively with a 
variety of vascular signahng pathways [65]. Per- 
oxynitrite nitrates and inactivates prostacyclin 
synthase [66] and thus decrease the production 
of prostacyclin (PGIg). PGI2 is a very important 
vasodilator and antithrombotic factor in the pul- 
monary circulation and currently, exogenous PGI2 
is the only drug that has been shown to increase 
survival in patients with PAH [67]. Peroxynitrite 
can activate several redox sensitive inflammatory 
mediators, apoptosis related kinases, fibroblast 
growth factors, all of which can induce injury and 
remodeling in the pulmonary circulation [23,65]. 
Peroxynitrite formation has also been implicated 
in the rebound hypertensive phenomenon that 
often complicates even short use of inhaled NO, 
discussed later on [68]. 

NO Deficiency — A Risk Factor for the De- 
velopment of PAH? Archer and Rich recently 
suggested a “multiple hit” hypothesis for the 
development of PAH [32]. They proposed that the 
development of PAH is a result of a toxic insult 
(the use of an anorectic agent, infection with 
HIV, etc) that takes place in the presence of a 
predisposing factor, like endothelial dysfunction, 
on a genetically favorable background (bone mor- 
phogenetic protein gene mutations, Kv channel 
abnormalities etc) [32]. The role of endothelial 
dysfunction as a predisposing factor in PAH is 
nicely shown in the story of the recent epidemics 
of anorectic-induced PAH [69]. Although millions 



of patients were exposed to anorectics (like Phen- 
Fen, dexfenfluramine, etc) only few developed 
PAH, suggesting the presence of one or more 
predisposing factors. Dexfenfluramine (and most 
of the recently widely used anorectic agents) 
have been shown to cause vasoconstriction by 
inhibiting Kv channels in both pulmonary and 
systemic vascular SMCs [19]. However, when 
dexfenfluramine is given in a perfused rat lung 
[70] and in an intact rat [71], it does not cause 
significant vasoconstriction unless the lungs or 
the rats are pretreated with a NOS inhibitor 
(Fig. 6 A, B). Furthermore, Archer et al. measured 
exhaled NO and NOa: in patients with anorectic 
induced PAH and showed a relative deficiency 
of NO in these patients, long after the anorectic 
agents were discontinued, perhaps explaining 
their original susceptibility [72]. Patients with 
anorectic induced pulmonary hypertension had 
lower levels of exh^ed NO, compared to patients 
with PPA, which in turn had higher levels com- 
pared to normal control patients. The exhaled 
NO levels in these patients correlated inversely 
with the hemodynamic severity of PHT (the 
lower the NO levels, the higher the PVR) [72] 
(Fig.6C,D). 

NO in PAH — An Inadequate Compensatory 
Mechanism? This is supported by the benefi- 
cial effects of the enhancement of the NO axis, 
discussed below. However, only -20% of patients 
respond acutely to NO, with significant decreases 
in the PVR [32]. It is possible that it is these pa- 
tients that suffer from inadequate or incomplete 
compensatory enhancement of the NO axis in the 
pulmonary circulation, although it is also possi- 
ble that these patients are simply diagnosed at an 
earher stage of the disease. 



Exogenous Enhancement of the NO Axis 
Inhaled NO 

There are 2 important challenges in the treat- 
ment of pulmonary hypertension using vasodila- 
tors: First, the lack of pulmonary vasculature se- 
lective vasodilators. Ca"'"*' channel blockers are 
currently used in the treatment of PAH [73] and 
in theory they are very attractive drugs since, as 
can be seen in Figure 1 , they are acting very dis- 
tally in the pathway of several vasodilators, in- 
cludingNO. However, inordertobeeffective, very 
high doses of dihydropyridines have to be used 
and their tolerability is limited by systemic effects 
like systemic hypotension of edema. Selective pul- 
monary vasodilatation can be achieved with con- 
tinuous infusion of short acting vasodilators, l ik e 
adenosine or prostacychn [74]. Second, even the 
selective pulmonary vasodilators act by dilating 
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Fig. 6. (A) Dexfenfluramine (Dex) significantly increases PA tone in an isolated perfused rat lung, but only after the lung is 
pretreated with a NOS inhibitor. Note that NOS inhibition does not increase the baseline tone in this lung from a healthy rat. 
Obtained with permission Weir et al. (1996). (B) Dex significantly increases arterial pressure when given intravenously in an intact 
ventilated rat and this is potentiated by pretreatment with a NOS inhibitor. Note that, in contrast to A, NOS inhibition in vivo 
resulted in an increase in the baseline pressure (a rise from ~~135 to ~160 mmHg). Obtained with permission from Michelakis et al. 
(1999). (C and D) Exhaled NO (controlled for minute ventilation, VNO) correlates inversely with the PVR in patients with PAH (the 
higher the PVR, the lower the VNO). Patients with anorectic-associated pulmonary hypertension (AA-PHT) have lower VNO levels 
compared to the elevated levels seen in patients with primary pulmonary hypertension (P-PHT). This suggests that perhaps low NO 
levels in the pulmonary circulation of AA-PHT (due to endothelial dysfunction) predisposed them to the development ofPHT after 
the ingestion of anorectic agents. Obtained with permission from Archer et al. (1998). 



the whole pulmonary circulation, often disrupt- 
ing HPV, impairing V/Q matching and causing or 
worsening hypoxemia. 

Both of these challenges can be overcome with 
the use of inhaled NO (iNO) [75,76]. Exogenous 
iNO can reach the PASMC through diffusion form 
the alveoh. After further diffusion into the lumen, 
NO reacts with hemoglobin and is inactivated 
avoiding any systemic effects. Furthermore, iNO 
will only be delivered in ventilated lobes and thus 
dilate only the vascular beds in well ventilated ar- 
eas. The lack of vasodilatation in nonventilated 
areas will prevent the intrapulmonary shunt- 
ing seen with the systemically administered pul- 
monary vasodilators and preserve V/Q matching. 



Initiation of chronic therapy for PAH usually 
follows an acute hemodynamic trial to determine 
prognosis, assess safety of a proposed treatment 
and guide future medical therapy [73,77-79]. The 
acute hemodynamic study employs a selective pul- 
monary vasodilator, usually iNO, to evaluate 
the responsiveness of the pulmonary vasculature 
while avoiding systemic hypotension [77-80]. iNO 
is currently considered the gold standard for the 
evaluation of patients with PAH [77-80]. A posi- 
tive response toiNO(>20% decrease in pulmonary 
artery pressure or pulmonary vascular resistance) 
predicts the response to conventional vasodilators, 
such as calcium channel blockers [77,79] and iden- 
tifies patients with a better long-term prognosis 
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than the non-responders [73]. In addition to pa- 
tients with PAH, iNO is also used in patients with 
severe pulmonary hypertension due to left ven- 
tricular dysfunction as part of the preoperative 
assessment for cardiac transplantation. Because 
unresponsive and severe pulmonary hypertension 
is a contraindication to cardiac transplantation, 
the response to iNO is used to identify patients 
that require combined heart-lung transplantation 
[81,82]. iNO is also extensively used in the treat- 
ment of neonatal pulmonary hypertension [83]. 

Although NO is a potent and selective pul- 
monary vasodilator, chronic use is limited by its 
short half-life and, more recently, significant in- 
creases in the price of this gas. Even its use as 
an acute vasodilator is cumbersome, requiring an 
expensive medical form of NO gas, a complicated 
delivery system and monitoring equipment. Nev- 
ertheless there is some preliminary evidence that 
chronic outpatient therapy might be possible. In 
an uncontrolled pilot study of chronic iNO in 5 
patients with PAH, using nasal cannulae and a 
gas pulsing device, improvement in PA pressure 
or cardiac output was shown after 12 weeks of 
treatment in 3 out of the 5 patients [84]. Chronic 
continuous exposure to iNO significantly prevents 
the monocrotaline-induced remodeling in the pul- 
monary circulation in rats [85]. 

There are 2 important potential complications 
of even the short-term use of iNO. 

First, iNO causes increase in the pulmonary 
artery wedge pressure, especially in patients with 
left ventricular dysfunction [86,87], perhaps ex- 
plaining occasional cases of pulmonary edema 
with this therapy [88]. It has been suggested that 
this is a result of the increased return of blood 
from the lungs to a noncompliant left ventricle. 
Recently, however pulmonary edema was reported 
in patients with PAH due to the CREST syn- 
drome that normally have intact left ventricular 
function [89]. Pulmonary artery wedge pressure 
was increased by iNO in a cohort of 1 1 patients 
with PAH and 2 patients with left ventricular dys- 
function [90]. However, wedge pressure was not 
increased in response to sildenafil (Fig. 7), a phos- 
phodiesterase inhibitor (see discussion below) de- 
spite a more effective decrease in PVR (Fig. 8) 
and increase in cardiac index (Fig. 9) compared 
to iNO and similar increases in the cGMP in the 
pulmonary circulation [90]. This suggests that the 
effects of iNO on the wedge pressure (and perhaps 
the mechanismofiNO-inducedpulmonary edema) 
are not mediated by cGMP but perhaps by a differ- 
ent mechanism proximal to cGMP or perhaps di- 
rect negative inotropic effects in the myocardium. 

Second, sudden termination of iNO occasionally 
causes a potentially life threatening hypertensive 
rebound, even after treatment for a few hours and 
even in patients that showed no initial vasodilator 
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Fig. 7. Sildenafil acutely decreases pulmonary artery wedge 
pressure (PAWP) compared to iNO in a cohort of patients with 
PAH see text. 



response [91]. Exogenous NO causes a decrease in 
eNOS activity [92,93] and an increase in endothe- 
lin levels [94]. In addition to the potent vasocon- 
strictor effect, endothelin induces superoxide pro- 
duction, which in the presence of NO causes the 
formation of peroxynitrite, with its known delete- 
rious vascular effects [68]. This suggests that en- 
dothelin receptor blockers might be beneficial in 
the management iNO-rebound effect [68]. 

Another way of delivering NO selectively in 
the pulmonary circulation is using inhalation of 
aerosolized adenoviruses carrying the genes for 
eNOS or iNOS [95,96]or using cell-based gene 
transfer of eNOS [97]. These approaches are very 
promising forms of gene therapy but several chal- 
lenges need to be overcome before their human 
application, like the immune reactions against 
the adenovirus or the transient nature of the 
expression of the transferred gene. 



Enhancement of the Endogenous NO Axis 
L-Arginine 

It has been suggested that the production of NO 
can be limited by insufficient supply of NOS sub- 
strate, i.e. F-Arginine. Therefore F-Arginine has 
been given in a variety of cardiovascular dis- 
eases, in an attempt to optimize NO production. 
For example, oral F-Arginine improves endothe- 
lial function and exercise capacity in patients with 
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Fig, 8, Sildenafil acutely decreases PVR more than maximal dose ofiNO (80 ppm) in a cohort of patients with PAH see text. 




Fig. 9. Sildenafil, but not iNO, significantly increase the cardiac index acutely, in a cohort of patients with PAH see text. 



congestive heart failure [98]. Intraperitoneal in- humans with both primary and secondary pul- 
jections of L- Arginine have also been shown to re- monary hypertension, intravenous administra- 

duce mean PA pressure, PA remodeling (% mus- tion of L- Arginine has been shown to decrease 

cularization) and right ventricular hypertrophy pulmonary vascular resistance acutely [100]. Al- 
in both rats with CH-PHT and MC-PHT [99]. In though systemic vascular resistance was slightly 
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decreased in both the patients and healthy con- 
trols, PVR was not decreased in patients with 
congestive heart failure and no pulmonary hy- 
pertension, suggesting a relatively selective ef- 
fect of L- Arginine in the hypertensive pulmonary 
vasculature. The same group later showed that 
systemic intravenous L- Arginine increases ex- 
pired NO [101]. Oral administration of L- Arginine 
(0.5 g capsule/10 Kg body weight) in 19 patients 
with pulmonary arterial hypertension acutely 
decreased PVR by 16% and, after 1 week or 
treatment, significantly improved exercise capac- 
ity compared to placebo [102]. More studies are 
needed to establish the role of this drug in the 
treatment of patients with pulmonary hyperten- 
sion, especially in combination with other drugs 
that enhance the NO axis, like sildenafil. 



Phosphodiesterase Inhibitors 

The main effector of NO's vasoactive effects is 
cGMP, which, l ik e NO, is also short-hved due to 
the rapid degradation by phosphodiesterases [103] 
(Fig. 1). There are numerous phosphodiesterases 
but the isoform that is active in degrading cGMP in 
the lung is cyclic nucleotide phosphodiesterase-5 
[104]. Phosphodiesterase-5 inhibitors cause pul- 
monary vasodilatation by promoting an enhanced 
and sustained level of cGMP, which in turn pro- 
motes K+ channel activation, PASMC hyperpo- 
larization and vasodilatation (Fig. 10) [11]. There 
have been recent anecdotal reports and prelimi- 
nary studies indicating that sildenafil, a specific 
phosphodiesterase-5 inhibitor widely used in the 
treatment of erectile dysfunction [105], decreases 
PVR in humans with primary pulmonary hyper- 
tension (PPH) [106,107], in normal volunteers 
with hypoxic pulmonary vasoconstriction [108] 
and in animals with experimental PAH [109,110]. 
We hypothesized that sildenafil would be as effec- 



tive in decreasing pulmonary vascular resistance 
as iNO in the acute assessment of patients with 
severe pulmonary hypertension. We directly com- 
pared the effects of iNO with a single dose of oral 
sildenafil as well as their combination, on pul- 
monary and systemic hemodynamics in patients 
with severe pulmonary hypertension [90]. 

We studied 13 consecutive patients with a 
mean (±SEM) age of 44 ± 2 years referred to the 
University of Alberta Hospital cardiac catheteri- 
zation laboratory over a period of one year for eval- 
uation of suitability for transplantation or med- 
ical therapy. Eleven patients had PAH and two 
patients had pulmonary hypertension, which al- 
though it was associated with left ventricular dys- 
function, was disproportionate to their pulmonary 
wedge pressure. We showed that a single dose of 
oral sildenafil is a potent and selective pulmonary 
vasodilator [90]. Compared to the gold standard, 
iNO, silden^il is superior in decreasing the mean 
pulmonary artery pressure and equally effective 
and selective in reducing pulmonary vascular re- 
sistance (Fig. 8), the primary end point of this 
study [90]. In contrast to iNO, sildenafil causes a 
significant increase in the cardiac index (Fig. 9). 
Both iNO and oral sildenafil are selective pul- 
monary vasodilators, as neither lowers the mean 
arterial pressure [90]. 

Our finding that sildenafil tends to decrease 
the wedge pressure (Fig. 7) suggests that silde- 
nafil might be superior to iNO in the evaluation 
of the patients with severe pulmonary hyperten- 
sion. TTiis might have important safety implica- 
tions both for the acute study and for eventual 
long-term use of this drug in patients with left 
ventricular dysfunction . 

The preferential effect of sildenafil on the pul- 
monary circulation probably reflects the high ex- 
pression of this isoform in the lung. However, phos- 
phodiesterase 5 is also found in the myocardium. 



Perfused rat lung 



lU 0 

Z 

< -10 

0 

1 -3(1 
S -4(l| 



-Sdl- 






•T. . 



10 “ 10 ’ 



10 “ 



Zaprina.st (M) 



Human PASMC 



< 




Fig. 10. Left: Zaprinast, a phosphodiesterase inhibitor, dilates the norepinephrine preconstricted pulmonary vasculature in 
isolated perfused rat lungs (solid line = vehicle). Obtained with permission from Archer et al. (1994). Right: The phosphodiesterase 
5 inhibitor sildenafil activates currents in freshly isolated human pulmonary artery smooth muscle cells (PASMC), studied with 
the whole-cell patch clamping technique. As discussed in the text, this K'^ channel activation explains, at least in part, the 
pulmonary vasodilatory properties of this drug. 
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where it maybe dowraegulated in heart failure 
[111]. The finding that sildenafil decreases the 
wedge pressure and increases the cardiac index 
suggests that it does not have negative inotropic 
effects, at least in the patients studied. Phospho- 
diesterase 5 has been implicated in modulation of 
sympathetic tone [111] and sildenafil has recently 
been shown to cause sympathetic nervous system 
activation in normal volunteers [112]. However, 
the fact that the heart rate did not change after 
sildenafil in our study suggests that sympathetic 
activation is not the basis for the observed increase 
in the cardiac index [90]. The data suggest that 
sildenafil increases cardiac index because of its 
selective pulmonary vasodilatory effects and the 
resulting reduction in right ventricular afterload. 

Another important finding of this study is that 
iNO and sildenafil have additive vasodilatory ef- 
fects in the pulmonary but not the systemic circu- 
lation. The mechanism for this might be related 
to the synergistic effects of iNO and sildenafil on 
semm cGMP levels [90]. The data suggest that 
NO 80 ppm, which currently is usually the maxi- 
mum dose used in acute vasodilator testing, is not 
as effective in lowering pulmonary vascular resis- 
tance alone, as it is in combination with sildenafil 
(Fig. 8). 

The dose of sildenafil used in this study was 
smaller than the 100 mg that has recently been 
used in acute hemodynamic studies involving 
sildenafil [108,113], although it is in the range 
used for erectile dysfunction (50-100 mg) [105]. 
Wilkens et al. very recently showed that the max- 
imal hemodynamic effects of sildenafil on the hu- 
man pulmonary circulation were achieved with a 
25 mg dose [107]. They also showed that maxi- 
mal hemodynamic effects were achieved within 
30 minutes after intake [107]. Furthermore, newer 
phosphodiesterase-5 inhibitors that are perhaps 
more potent and specific than sildenafil are cur- 
rently under development [114,115]. 

The simplicity and safety of the acute admin- 
istration of sildenafil versus iNO and its possible 
superiority over iNO in terms of its effects on car- 
diac index and wedge pressure, suggest a role for 
sildenafil in the evaluation and treatment of pa- 
tients with pulmonary hypertension and support 
the need for further studies of its chronic use. 



Conclusion 

The treatment of pulmonary hypertension is dif- 
ficult and currently limited. Because PAH is an 
inhomogeneous syndrome and because several ab- 
normalities can be present in the pulmonary arter- 
ies of a single patient, the ultimate treatment of 
the disease will likely consist of combination treat- 
ments and cocktails of dmgs. The NO axis will be 



a nice example of this concept. The ease and the 
safety of sildenafil administration make this drug 
an attractive addition to such cocktad treatments. 
One can envision a patient treated with both 
L-Arginine and sildenafil or an NO donor and 
sildenafil or sildenafil and a phosphatase inhibitor. 
Several such trials will surface in the field of 
pulmonary hypertension in the next few years. 
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Abstract. Coronary artery reperfusion is widely used to re- 
store blood flow in acute myocardial infarction and limit its 
progression. However, reperfusion of ischemic myocardium 
results in reperfusion injury and persistent ventricular dys- 
function even when achieved after brief periods of ischemia. 
Normally, sntall amormts of nitric oxide (NO) generated by 
endothelial NO synthase (eNOS) regitlates vascttlar tone. 
Ischemia-reperfusion triggers the release of oxygen free 
radicals (OFRs) and a cascade involving endothelial dys- 
function, decreased eNOS and NO, neutrophil activation, 
increased cytokines and more OFRs, increased inducible NO 
synthase (iNOS) and marked increase in NO, excess perox- 
ynitrite formation, and myocardial injrtry. Low doses of NO 
appear to be beneficial and high doses hartrrftd in ischertria- 
reperFusion. eNOS knock-out rtrice cotrfirm that eNOS- 
derived NO is cardioprotective in ischemia-reperfusion. 
iNOS overexpression increases peroxyrritrite but did not 
cause severe dysfunction. Increased angiotensin II (Angll) 
after ischenria-reperfusion inactivates NO, forrtrs peroxytri- 
trite and produces cardiotoxic effects. Beneficial effects of 
angiotensin-converting-enzyme inhibition and Angll type 
I (ATi ) receptor blockade after ischemia-reperfuslon are 
partly mediated through Angll type2 (AT2) receptor stim- 
nlation. Increased bradykinin and NO. Interventions that 
enhance NO availability by increasing eNOS might be bene- 
ficial after ischemia-reperfusion. 

Key Words, nitric oxide, ischemia-reperfusion, 
peroxyrritrite, angjoterrsin, nitroglycerin 



Introduction 

Myocardial infarction is the major cause of heart 
failure. Over the last two decades, coronary reper- 
fusion therapy with thrombolytic and fibrinolytic 
agents, coronary angioplasty or coronary artery 
bypass surgery has become established for the 
management of acute myocardial infarction [1]. 
However, restoration of blood flow to previously 
ischemic myocardium results in injury (Table 1) 
to viable myocardium [2-4] and a “mismatch” 
between flow and recovery of mechanical func- 
tion even in the absence of irreversible dam- 
age [3,4]. Post-infarction survivors with persis- 
tent left ventricular dysfunction are prone to 
develop heart failure and progressive ventricu- 
lar remodeling. Since the timing and adequacy 
of reperfusion are major determinants of func- 



tional recovery, every effort is made to achieve as 
early and as complete reperfusion as possible [5]. 
Oxygen free radicals (OFRs) and oxidative stress 
are major contibutors to reperfusion injury [6-10]. 
Although mammalian cells including cardiomy- 
ocytes express superoxide dismutase and catalase 
which act as scavengers of oxygen free radicals 
[11], these systems may be overwhelmed after 
ischemia-reperfusion. Reperfusion after 2 hours 
of ischemia is associated with significant necro- 
sis [12] but still hmits early [13] and late [14,15] 
remodeling. Even early reperfusion results in per- 
sistent left ventricular dysfunction and stunning 
[9,10] and does not guarantee that function will 
improve [14—17]. A priority in research is therefore 
to find adjunctive therapies that limit ischemia- 
reperfusion injury and speed functional recovery 
[18,19]. Potential candidates include nitric oxide 
(NO) or NO donors such as nitroglycerin [20-23]. 
This review focuses on the role of NO in myocar- 
dial reperfusion injury and, paradoxically, cardio- 
protection after ischemia-reperfusion. 

Vascular Injury After 
Ischemia-Reperfusion and NO 

A common problem in patients undergoing reper- 
fusion after myocardial infarction is myocardial 
perfusion-function mismatch (Fig. 1). Thus, a sig- 
nificant number of patients have persistent ven- 
tricular dysfunction despite restoration of flow to 
the optimal so called “TlMl-3” level in epicar- 
dial vessels [24,25]. This dysfunction, due to my- 
ocardial stunning or hibernation, was shown to 
be associated with poor intramural microcircu- 
latory flow which jeopardizes myocardial viabil- 
ity [24,25]. The underlying mechanism appears 
to be vascular dysfunction at the microcirculatory 
level. 
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Table 1. Mechanisms for myocardial stunning and 
reperfusion injury 

• Increased oxygen derived free radicals 

• Decreased antioxidant reserve 

• Increased peroxynitrite formation 

• Vascular injury 

• Uncoupling of excitation-contraction 

• Calcium overload 

• Impaired metabolism 

Decreased mitochondrial energy production 
Impaired energy utilization by myofibrils 

• Impaired sympathetic neural responsiveness 

• Decreased sensitivity of myofibrils to calcium 

• Impaired perfusion 

• Damage to extracellular collagen matrix 

• Myocardial hibernation 



After ischemia-reperfusion, flow in the reper- 
fused area is characterized by hyperemia, low- 
reflow or no-reflow [26-32]. These phenomena can 
be readily visuahzed at the bedside using my- 
ocardial contrast echocardiography [24,25]. The 
cause of the low-reflow or no-reflow phenomena 
in intramural perfusion is thought to be due 
to capillary obstmction by leucocytes and/or tis- 
sue edema associated with myocardial necrosis 



[33,34]. However, even when perfusion appears to 
be preserved in areas containing dead cardiomy- 
ocytes, abnormalities in microvascular reserve can 
be demonstrated [31,32]. 

Endothelial Dysfunction 
After Ischemia-Reperfusion 
The time course of vascular injury following 
ischemia-reperfusion has been reviewed by Lefer’s 
group which contributed significantly to this field 
[35,36]. Experimentally, vascular injury, after 
reperfusion, begins very early with an endothelial 
triggering phase followed by a neutrophil amplifi- 
cation phase [35]. Within 2.5 to 5 minutes ofreper- 
fusion, the endothelium becomes dysfunctional 
and NO formation decreases (endothelial trigger- 
ing phase). By 20 minutes, leucocyte adhesive- 
ness increases, leucocytes adhere to endothelium, 
and neutrophils migrate across the endothelium 
into reperfused tissue. The activated neutrophils 
release cytotoxic and chemotactic substances, 
such as cytokines, proteases, leukotrienes, and 
OFRs. These substances cause injury to sur- 
rounding cells and attract more neutrophils (neu- 
trophil amplification phase). In contrast to exper- 
imental ischemia-reperfusion, ischemia without 
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Fig. 1. Diagram of the postulated mechanism of flow-function mismatch after reperfusion of ischemic myocardium. 
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reperfusion is associated with little change in 
vascular responses to endothelium-dependent va- 
sodilators for up to 2 to 3 hours [37,38] and histo- 
logic evidence of endothelial injury cannot be de- 
tected until after 4 to 6 hours [38,39]. 

The early attenuation of endothelium- 
dependent vasodilation has been considered 
to be a sensitive marker of endothelial dys- 
function after ischemia-reperfusion in the heart 
and other vascular beds [35,37,40]. However, it 
should be noted that patients with acute coronary 
syndromes in the clinical setting differ from the 
experimental a ni mal setting in that they already 
have dysfunctional endothelium and reduced NO 
levels before undergoing reperfusion procedures. 

Experimental evidence suggests that after 
ischemia-reperfusion, early and severe endothe- 
hal dysfunction is due largely to the production of 
OFRs arising from endothelial cell xanthine oxi- 
dase activity [41,42]. Thus, during ischemia, ATP 
is degraded to hypoxanthine, and xanthine dehy- 
drogenase is converted to xanthine oxidase, and 
upon reperfusion, xant hi ne oxidase converts hy- 
poxanthine to uric acid and produces OFRs or su- 
peroxide [43,44]. Excessive OFRs, derived from 
xanthine oxidase or other sources, were shown 
to be present in reperfused tissues [41,45,46] 
and to contribute to endothelial damage [47] and 
dysfunction [48]. It was shown, after ischemia- 
reperfusion in rat hearts, that endothelial dys- 
function from OFRs developed in the absence of 
neutrophils and was attenuated by recombinant 
human superoxide dismutase (rhSOD) [49]. The 
findings suggested that endothelial superoxide 
inhibits vasorelaxation either by quencMng NO 
and forming peroxynitrite or by inhibiting the en- 
dothelial generation of NO [50]. 



Endothelial Injury and Neutrophils 
Several studies have li nk ed neutrophils to reper- 
fusion injury since depletion of neutrophils is as- 
sociated with less cellular damage after ischemia- 
reperfusion [51]. Dysfunctional endothelium is 
associated with a sequence of increased adhe- 
siveness to neutrophils, increased neutrophil- 
endothelial cell interactions, release of inflamma- 
tory mediators (e.g. OFRs and platelet-activating 
factor), activation of circulating neutrophils, re- 
lease of various harmful substances (cytokines, 
proteases, leukotrienes, more OFRs) and tissue in- 
jury [52-54]. The OFRs can cause cellular damage 
in reperfused tissue by inducing lipid peroxida- 
tion, altering membrane permeability, inactivat- 
ing endothelial NO, impairing function of the sar- 
colemma or sarcoplasmic reticulum and altering 
calcium handling [55]. Oxygen free radical scav- 
engers such as rhSOD were shown to limit my- 
ocardial infarct size and endothelial dysfunction 



[19,56] whereas the hydroxyl radical scavenger 
MPG [N-2-mercaptoproprionyl-glycine] didnotin- 
duce cardioprotection [40,49] . 

Endothelial NO After Ischemia-Reperfusion 
The beneficial effects of the small concentrations 
of NO produced by endothelial cells [57,58] have 
been reviewed [59]. Evidence suggests that small 
quantities of NO regulate vascular tone, inhibit 
platelet aggregation and adhesion, prevent leu- 
cocyte adhesion to the endothelium, scavenge 
OFR, maintain normal vascular permeability, 
in hibit smooth muscle proliferation, and stimu- 
late endothelial cell regeneration. Inhibition of 
endogenous NO using NO synthase inhibitors 
such as F-NAME (N'^-nitro-L-arginine methyl 
ester) or F-NMMA (N^^-monomethyl-L-arginine) 
result in increased blood pressure and vasocon- 
striction [60], and increased leucocyte rolling and 
adherence [61]. 

After isctiemia-reperfusion, vascular relaxation 
in response to endothelium-dependent vasodila- 
tors is impaired, suggesting endothelial dysfunc- 
tion [35,40]. Coronary arteries show blunting of 
the relaxation response to acetylcholine and fail- 
ure to constrict with F-NAME, suggesting dimin- 
ished basal NO release [62]. Adm in istration of 
F-arginine, the substrate for NO synthesis by 
NO synthase, induces cardioprotection [63], im- 
proves endothelial dysfunction in cardiac veins 
[64], reduces leucocyte adherence to post capil- 
lary venular endothelium [65], and reduces leu- 
cocyte adherence and rolling [61]. Impaired va- 
sodilation is restored by tetrSiydrobiopterin [66], 
a cofactor for NO synthase. Decreased NO pro- 
motes vasoconstriction [53,62] and vasospasm 
[67], and increases neutrophil adherence [62], 
thereby increasing tissue injury. The decreased 
NO can also promote the release of platelet de- 
rived pro-inflammatory mediators (e.g. throm- 
boxane A 2 , platelet activating factor), thereby 
inducing platelet aggregation. 

Leucocyte-Endothelium Interaction and NO 
Endogenous endothelium-derived relaxing factor 
or NO [57,58] and exogenous NO can suppress in- 
flammation by regulating cell adhesion molecules 
(CAMs) after ischemia-reperfusion. The migra- 
tion of polymorphonuclear neutrophils from the 
vessel lumen to sites of tissue inflammation 
involves 3 steps [68]: (i) recognition and capture 
of the leucocytes by endothehum, which involves 
leucocyte rolling; (ii) strengthening of leucocyte- 
endothelium adherence; and (iii) migration of 
neutrophils between endothelial cells into the 
reperfused area. Feucocyte rolling is regulated by 
the family of P-, E- and F-selectins. Endothelial P- 
selectin expression peaks within 10 to 20 minutes 
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of reperfusion and persists for up to 270 minutes 
[69]. Neutrophils, which are stimulated during 
ischemic -reperfusion, show increased expression 
followed by a shedding of L-selectin [70,71]. After 
ischemia-reperfusion, both P- and L-selectins 
contribute to leucocyte rolling and can be at- 
tenuated by specific monoclonal antibodies [72]. 
However, E-selectin which is not upregulated on 
endothelial cells until much later (4 to 6 hours 
after reperfusion) seems to play a lesser role in 
leucocyte rolling [69]. 

After ischemia-reperfusion, superoxide me- 
diates leucocyte-endothelial interactions [73]. 
Leucocyte adherence to endothelium is regulated 
by integrins (e.g. CD11/CD18 complex coupled to 
intercellular adhesion molecule- 1 [ICAM-1] and 
members of the immunoglobulin [Ig]-like family 
of adhesion proteins). CD 18-specific monoclonal 
antibody attenuates leucocyte adherence and re- 
duces accumulation of neutrophils in the reper- 
fused area [74]. ICAM-1 and platelet-endothehal 
CAMs (PECAM-1) also mediate injury [75-78] 
so that anti-ICAM-1 antibodies [75,76] and anti- 
PECAM-1 antibodies [77,78] limit leucocyte- 
mediated damage and induce cardioprotection. 

After ischemia-reperfusion, evidence suggests 
that NO regulates ceU adhesion in both the short- 
and long-term. Thus, NO can downregulate ex- 
pression of CAMs within minutes and inhibit tran- 
scription of proteins involved in inflammation over 
hours [36]. Ischemia-reperfusion decreases en- 
dothehal NO and promotes early leucocyte rolhng 
[61] and adherence [62]. P-selectin expression in- 
creases after 90 minutes of myocardial ischemia 
and peaks within 10-20 minutes after reperfusion 
in the cat [69] and neutrophil adherence increases 
3-fold by 20 minutes after reperfusion [61]. An NO 
donor given before reperfusion inhibits neutrophil 
adherence and decreases the number of myocar- 
dial vessels expressing P-selectin [79]. 

Several studies [36] support the concept of an 
inverse relationship between NO and expression 
ofCAMs. Reduced NO in ischemia-reperfusionup- 
regulates CAMs (such as ICAM-1) whereas in- 
creased NO (as after the NO donor S-nitroso- 
N-acetyl penicillamine [SNAP]) downregulates 
CAMs [80]. The regulation of CAMs by NO early 
after reperfusion is attributed to interactions with 
OERs. Thus, increased OERs following ischemia- 
reperfusion [39,41,45,48] stimulate CAMs on neu- 
trophils [81] and endothelial cells [82]. Normally, 
NO inhibits OERs and attenuates the upregula- 
tion of CAMs and limits leucocyte-endothelial in- 
teractions. However, during ischemia-reperfusion 
(associated with decreased NO and increased 
OERs), CAMs are upregulated and leucocyte- 
endothelial interactions are enhanced. Decreasing 
free radical production therefore reduces ICAM-1 
expression [80]. 



NO also plays a regulatory role on the cytosolic 
enzyme protein kinase C (PKC) which is involved 
in the translocation of P-selectin to the ceU sur- 
face. PKC activation leads to rapid upregulation of 
P-selectin on platelets and endothelial ceUs, which 
leads to increased cell-to-cell interactions [83]. NO 
inhibits PKC directly [84] or via stimulation of 
cGMP [85], which would be expected to result in 
inhibition of P-selectin expression and neutrophil 
adherence during ischemia-reperfusion. Indeed, 
inhibition of PKC with TMS (N,N,N-trimethyl 
sphingosine) results in (i) inhibition of leucocyte 
rolling and adherence induced by L-NAME in 
mesenteric microvessels and attenuation of P- 
selectin expression on platelets and endothelial 
ceUs, and (ii) attenuation of neutrophil accumu- 
lation following myocardial ischemia-reperfusion 
[ 86 ]. 



NO and Inflammation 

Several studies suggest that NO can suppress 
inflammation and regulate the synthesis of pro- 
inflammatory proteins and CAMs. Polio wing stim- 
ulation, endothelial ceUs in culture show de- 
creased expression of VCAM-1 protein (and 
mRNA) with NO donors and increased expression 
of VCAM-1 with NO inhibition using L-NMMA 
[87]. Pollowing stimulation of endothelial cells 
with TNFa, NO donors attenuate surface expres- 
sion of VCAM-1, ICAM-1 and E-selectin [88]. In- 
cubation of cultured human iliac vein endothelial 
ceUs with L-NAME results in increased expres- 
sion of P-selectin (protein and mRNA) which are 
reversed by L-arginine or an NO donor [89]. Stud- 
ies of ischemia-reperfusion in the small intestine 
showed that expression of P-selectin increased af- 
ter 20 minutes of ischemia and 10 minutes of 
reperfusion, peaked after 5 hours of reperfusion 
and normalized by 24 hours [90]. 

Other studies showed that NO regulation 
of pro-inflammatory proteins after ischemia- 
reperfusion involves transcription factors such as 
the nuclear factor-/cB (NF-/cB) and re-oxygenation 
is a key stimulus [80,91]. Thus, NF-kB induces 
the rapid expression of several pro-inflammatory 
genes involved in ischemia-reperfusion, includ- 
ing TNFa, interleukins, chemokines and CAMs 
[91]. Stimulation of cultured endothelial ceUs 
with pro-inflammatory cytokines results in in- 
creased NF-(cB activity, degradation of the in- 
hibitory protein I(cBa, and surface expression of 
VCAM-1, ICAM-1 and E-selectin while NO donors 
lead to decreased NF-/tB activity, degradation of 
I/cBa, and expression of VCAM-1, ICAM-1 and 
E-selectin [88]. 

Several studies have shown that OERs stim- 
ulate PKC and activate NF-«:B [92] and this re- 
sponse is attenuated by NO donors [80]. It appears 
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that NO acts as an antioxidant and inactivates 
OFRs, increases levels of inhibitory proteins, and 
prevents the formation of substances that ac- 
tivate NF-/cB and enhance the activity of pro- 
teins that inhibit NF-/cB [93]. Decreased NO after 
ischemia-reperfusion has been suggested to have 
the opposite effect, resulting in increased forma- 
tion of proinflammatory enzymes, cytokines and 
adhesion molecules. 

NO and NO Donors in Ischemia-Reperfusion 
Since ischemia-reperfusion is characterized by an 
NO deficit, a logical therapeutic approach is to re- 
place or restore physiological levels of NO. How- 
ever, how much NO is good and safe remains to be 
defined. 

Infusion of NO Gas. Infusion of a solution of 
NO gas was first shown to limit reperfusion injury 
of the splanchnic bed and decrease myocardial de- 
pressant factor in cats [94]. In the feline model 
of ischemia-reperfusion (90 minutes of ischemia, 
4.5 hours of reperfusion), infusion of NO solu- 
tion beginning 10 minutes before reperfusion and 
continued throughout reperfusion limited necro- 
sis and neutrophil infiltration without changes in 
arterial pressure or heart rate [95] . No significant 
negative inotropic effect was associated with infu- 
sion of NO or NO donors in vivo [96,97] . Inhaled 
NO at low concentrations (20-80 ppm) is benefi- 
cial in hypoxic pulmonary hypertension [98] and 
inhibits leucocyte adherence in the non-ischemic 
bed after ischemia-reperfusion [99]. 

NO Donors. NO donors, which release NO in 
solution, include organic nitrates (e.g. nitroglyc- 
erin; sodium nitroprusside), sydnonimines (e.g. 
3-morpholinosydnonimine or SIN-1), cysteine- 
containing NO donors (e.g. SPM-5185), and 
NONOates (e.g. DEA/NO; SPER/NO). Intra- 
venous nitroglycerin infusion given in low dose 
before, during and after coronary reperfusion 
(intracoronary streptokinase and/or angioplasty) 
to patients after anterior myocardial infarction 
was shown to recruit left ventricular function, 
and accelerate recovery of left ventricular func- 
tion, suggesting decreased myocardial ‘stunning’ 
[20,21,100]. These studies suggested that early 
administration of NO donors before reperfusion 
might widen the therapeutic window for reperfu- 
sion therapy and “buy more time” until therapy 
can be applied [20,21,100]. 

Experimentally in the cat model, acidified 
NaN 02 limited necrosis and polymorphonuclear 
neutrophil infiltration in vivo and platelet aggre- 
gation in vitro after ischemia-reperfusion [101]. 
The NO donors SIN-1 and C87-3754 in low doses 
also limited necrosis in the cat [102]. The ben- 



eficial effects of the NO donors was associated 
with an attenuation of coronary vasoconstriction 

[103] . The S-nitrosated tissue plasminogen activa- 
tor (NO-tPA) also limited injury in the cat model 

[104] . NO donors were shown to suppress arrhyth- 
mias after myocardial infarction in the pig model 

[105] . Inhibition ofNO synthesis with N^-nitro-L- 
arginine (L-NNA) enhances myocardial stunning 
in conscious dogs [106]. The overall findings sug- 
gest that low doses of NO donors are beneficial 
after ischemia-reperfusion. 

L-Arginine. L-arginine, which provides the sub- 
strate for NO synthesis, has also been shown to 
exert beneficial effects in ischemia-reperfusion. 
Thus, infusion of L-arginine limits myocar- 
dial necrosis and neutrophil infiltration after 
ischemia-reperfusion in cats [61] and dogs [107]. 
The L-arginine-induced improvement in myocar- 
dial contractility in isolated rat hearts is lost in the 
absence of neutrophils, suggesting that the pro- 
tection is due to prevention of neutrophil-induced 
contractile dysfunction [108]. Since L-arginine 
reduces ventricular arrhythmias after myocardial 
infarction [109], it may also reduce reperfusion ar- 
rhythmias. Long-term arginine supplementation 
in humans also improves endothelial function in 
small coronary vessels [110]. 

Excessive NO and Peroxy nitrite. Formation 
of the highly reactive peroxynitrite (ONOO~) 
oxidant from NO and superoxide [111] can be 
a two-edged sword. This quenching of NO by 
superoxide might in part explain the decrease in 
myocardial NO after ischemia-reperfusion [61]. 
However, evidence indicates that high concen- 
trations of peroxynitrite are cytotoxic [112]. In- 
deed, peroxynitrite has been suggested to medi- 
ate ischemia-reperfusion injury in the splanchnic 
bed [113] and myocardium [114,115]. In isolated 
rat hearts in vitro, peroxynitrite concentrations 
ranging from 30 to 100 /iM have been shown to 
cause reperfusion injury [115]. In both rat and dog 
hearts with ischemia-reperfusion, the concentra- 
tion of nitrotyrosine, regarded as a “footprint” of 
peroxynitrite formation, also increase [115-117]. 

The idea that peroxynitrite mediates reperfu- 
sion injury has generated considerable contro- 
versy. There are 5 main opposing arguments [36]: 
(i) the levels of NO (1-10 nM) [118,119] and super- 
oxide (0.4-5 /iM) [120], even when inducible NO 
synthase (rNOS) is maximally activated, are low 
and the half-life of superoxide is short (< 1 second), 
making in vivo concentrations of 1-2 /xM unlikely; 
even with ischemia-reperfusion, the peroxynitrite 
concentration is about 100 nM [114,121]; (ii) NO 
and superoxide exist in nearly equimolar con- 
centrations and an imbalance leads to feedback 
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inhibition of peroxyni trite generation [122]; (iii) 
the lack of a direct in vivo method to mea- 
sure peroxynitrite has led to the use of the im- 
munohistochemistry method for the detection of 
nitrotyrosine. However, this method also detects 
nitrotyrosine from other sources including chlo- 
ride ions, hypochlorous acid, myeloperoxidase , and 
other nitrogenous radicals [123,124]; (iv) physio- 
logic concentrations of peroxynitrite (400 nM to 2 
/xM) are associated with cardioprotection and limit 
leucocyte endothelium interactions after ischemic 
injury in rats [125] and cats [126]; (v) peroxyni- 
trite releases NO in vivo, as NO donors [127], and 
NO is protected by nitrosation onto carrier plasma 
proteins [128,129]. 

The arguments in favor of the detrimental 
effects of peroxynitrite on ischemia-reperfusion 
injury include: (i) studies in the rat using elec- 
tron paramagnetic resonance spin demonstrating 
peroxynitrite formation [114]; (ii) early detection 
of nitrotyrosine following ischemia-reperfusion in 
the isolated rat heart [115], in vivo rat and 
dog models of ischemia-reperfusion [116,117] and 
the human heart during cardiopulmonary by- 
pass [130]; (iii) blocking peroxynitrite is cardio- 
protective [115,116]; (iv) NOS inhibitors at low 
concentrations improve mechanical function af- 
ter ischemia-reperfusion [115,131]; (v) infusions 
of peroxynitrite (40 and 80 respectively) in 
isolated working rat hearts result in mechanical 
dysfunction [132,133]. 

Whether peroxynitrite is protective or harmful 
appears to depend on the dose. Cumulative ev- 
idence indicates that there are other sources of 
NO than from the endothelium. Thus, there are 
2 classes of NO synthase (NOS) enzymes [134]: 
two constitutive NOS isoforms found mainly in 
endothelial cells (eNOS) and neurons (nNOS) re- 
lease small amounts of NO for short periods of 
time, while an inducible isoform (iNOS), found 
in macrophages releases large amounts of NO for 
prolonged periods of time. Both eNOS and iNOS 
are also found in cardiomyocytes [135,136]. An 
excess of NO is cytotoxic and is expected to in- 
crease reperfusion injury. Recently, iNOS mRNA 
was shown to be present in the myocardium 
of patients with coronary artery disease [137]. 
During reperfusion, excess NO and OFRs, per- 
oxynitrite formation not only increases but may 
be sustained, especially as superoxide dismu- 
tase activity has been suggested to react with 
glutathione or other endogenous thiols to pro- 
duce NO donors that can induce cardioprotection 
[135,138]. 



Genetic Models of NO Synthases and 
Ischemia-Reperfusion. Studies using eNOS 
gene knockout mice and gene transfer, support 



the role of endothelial NO in preventing leucocyte- 
endothelial interaction and ischemia-reperfusion 
injury. Mice with eNOS deletion are hypertensive 
and fail to respond to endothelium-dependent 
vasodilators [139-141], develop adverse vascular 
remodeling (intimal proliferation, decreased 
lumen size and flow) [142], and increased necrosis 
after ischemia-reperfusion and increased expres- 
sion of P-selectin [143]. Several recent studies 
have shown that eNOS-derived NO is cardio- 
protective during ischemia-reperfusion [144] 
and decreases infarct size [145,146]. Enhanced 
eNOS by transfection of the eNOS gene using 
Sendai-vims vector is also beneficial and inhibits 
neointimal lesions after balloon injury [147]. 

Interestingly, iNOS knock-out mice show al- 
tered immune responses but no abnormalities in 
baseline phenotype [148-150]. In addition, iNOS 
knock-out mice show decreased vascular remod- 
eling [151,152] but no significant role of iNOS 
in early ischemia-reperfusion [153]. Overexpres- 
sion of iNOS in transgenic mice was associated 
with increased peroxynitrite generation as well as 
increased brady-arrhythmias and sudden deaths 
[154]. However, another study suggested that 
iNOS overexpression did not result in severe car- 
diac dysfunction [155]. These paradoxes continue 
to be investigated. 

NO Synthesis Inhibition and Ischemia- 
Reperfusion. Studies using inhibitors of NO 
synthesis by the 3 NOS isoforms (eNOS, nNOS 
and iNOS) support the concept of the protective 
role of NO on vascular function and cardioprotec- 
tion during ischemia-reperfusion. In isolated rab- 
bit hearts with ischemia-reperfusion (35 minutes 
of ischemia; 30 minutes of reperfusion; leucocyte- 
free perfusate), L-NAME induces cardioprotection 
[131]. In isolated rat hearts perfused with poly- 
morphonuclear neutrophils containing perfusate, 
E-NAME increases cardiac dysfunction during 
ischemia-reperfusion and an NO donor improved 
function [108]. The NOS inhibitor E-NNA wors- 
ened hypoperfusion in the dog model with coro- 
nary stenosis [156]. Also in the dog, NOS in- 
hibition with E-NNA worsened stunning after 
ischemia-reperfusion [106]. 

Angiotensin II, Bradykinin and NO 
During Ischemia-Reperfusion 

Angiotensin 11 (Angll) is the major effector 
molecule of the renin-angiotensin system (RAS) 
and is upregulated during ischemia-reperfusion 
[157], myocardial infarction [158] and heart fail- 
ure [159]. Cumulative evidence indicates that the 
effects of excess Angll are deleterious and con- 
tribute substantially to the pathophysiology of 
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these conditions so that blocking the effects of 
Angll might be beneficial [160]. The endothe- 
lium contains the complete RAS and mediates 
vascular Angll formation [161]. Angll stimulates 
the membrane-bound NAD/NADPH oxidase sys- 
tem to generate superoxide which inactivates 
NO and leads to the formation of peroxynitrite, 
thereby causing impaired endothelial-dependent 
relaxation, thrombosis, inflammation and other 
deleterious effects [162-164]. The effects of Angll 
are mediated mainly through the Angll type 1 
(ATi) and type 2 (AT 2 ) receptors [165]. The AT 2 
receptor is normally abundant in the fetus but 
is re-expressed in adult hearts after ischemia- 
reperfusion [166-172], myocardial infarction [173] 
and heart failure [174]. The AT 2 receptor antag- 
onizes the effects of the ATi receptor, thereby 
exerting vasodilatory, pro-apoptotic, antigrowth, 
and antihypertrophic effects [165]. 

Extensive evidence suggests that the bene- 
ficial effects of angiotensin-converting enzyme 
(ACE) inhibition are not only due to inhibition 
of Angll formation but in large part to increased 
bradykinin levels and bradykinin-induced release 
of NO and prostacyclin [175-182]. ATi receptor 
antagonists block the effects of Angll mediated via 
this specific receptor and additionally results in 
unopposed AT 2 receptor stimulation, which leads 
to increased bradykinin, NO and cGMP [168,183- 
185] and PKC« activation [168,185]. This increase 
in NO is probably derived from cNOS. Moreover, 
in some studies, ATi receptor blockade did not 
increase flow despite an overall cardioprotective 
effect after ischemia-reperfusion [186] or failed 
to improve function [187,188] or decrease infarct 
size [189]. However, AT 2 receptor blockade dur- 
ing in vitro ischemia-reperfusion also upregulated 
AT 2 receptor expression [166,188], triggered an in- 
crease in PKCs expression and cGMP levels [166] 
and induced cardioprotection [166,188]. Cardio- 
protection during ischemic preconditioning was 
also suggested to involve NO and PKC signaling 
[190]. NO was recently shown to downregulate the 
ATi receptor [191]. 

The hypothesis that AT 2 receptor activation 
and signaling through bradykinin, PKC«, NO 
and cGMP might contribute to cardioprotec- 
tion during ATi receptor blockade was first 
tested in an in vivo dog model of ischemia- 
reperfusion [171]. ATi receptorblockade was pro- 
duced by candesartan (CV- 11974, 1 mg/kg over 
30 min i.v.) given before ischemia-reperfusion 
and was confirmed by inhibition of Angll pres- 
sor responses (0.25 Mg/kg I .V.) at baseline and 
after drug infusions. The animals were ran- 
domized to 7 groups: sham controls; ischemia- 
reperfusion controls; ischemia-reperfusion and 
candesartan; AT 2 receptorblockade (PD 123319,3 
mg/kg/mini.c. for 30min) followed by candesartan 



and ischemia-reperfusion; PKC inhibitor (chelery- 
thrine, 17 /rg/kg/min i.c. for 30 min) followed by 
candesartan and ischemia-reperfusion; NOS inhi- 
bition (L-NMMA, 75 mg/kg/min i.c. for 30 min) fol- 
lowed by candesartan and ischemia-reperfusion; 
bradykinin inhibition (HOE- 140, 10 ng/kg/min 
i.e. for 30 min) followed by candesartan and 
ischemia-reperfusion. The intracoronary (i.c.) in- 
jections were made via a catheter into the oc- 
cluded bed distal to the site of the occlusion site 
of the left anterior descending coronary artery. 
Ischemia for 90 minutes was then produced by 
coronary occlusion and followed by reperfusion for 
120 minutes. The results showed that candesar- 
tan alone improves global systohc and diastolic 
function, limits acute EV remodeling, decreases 
infarct size and regionally increases AT 2 recep- 
tor and PKCe proteins as well as cGMP in the 
ischemic zone. Importantly, the AT 2 receptor an- 
tagonist and the inhibitors of BK, PKCe and NOS 
attenuated these beneficial effects of candesartan 
as well as the regional increase in AT 2 receptor 
and PKCe proteins. The overall findings support 
the hypothesis that AT 2 receptor activation and 
downstream signahng through bradykinin, PKCe, 
NO and cGMP play a significant role in the cardio- 
protective effect of ATi receptor blockade during 
ischemia-reperfusion (Fig. 2). 

Angll Blockade and NO in Heart Failure 
The major ongoing clinical trials of ATi receptor 
blockers have been reviewed elsewhere [192]. A 
major drawback of the clinical trials is that ATi 
receptor blockers are being tested on top of a back- 
ground therapy, including ACE inhibitors, reper- 
fusion and other agents. The EEITE [Evaluation 
of Eosartan in the Elderly II] [193] and the RE- 
SOEVD [Randomized Evaluation of Strategies for 
Eeft Ventricular Dysfunction] study using can- 
desartan [194] in heart failure patients did not 
show a dramatic advantage of ATi receptorblock- 
ade over ACE inhibition. Tlie V al-HeFT [V alsartan 
in Heart Failure Trial] study [195] showed that 
‘valsartan significantly reduces the combined end 
point of mortality and morbidity and improves 
clinical signs and symptoms in patients with heart 
failure, when added to prescribed therapy’. 

Heart Failure and NO 

Heart failure is associated with a host of abnor- 
mahties which involve NO, such as increased ox- 
idative stress, oxygen free radicals, inflammation 
and cytokines. Cytokines and increased iNOS ac- 
tivity in heart failure [196,197] have been linked 
to tire attenuated response to ^-adrenergic stim- 
ulation [198]. The negative inotropic effect of NO 
during ;8-adrenergic stimulation [199] appears to 
be due to cGMP-mediated inhibition of Ca"'"'' influx 
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Fig. 2 . Diagram of the postulated role of AT 2 receptor (ATgR) signaling and NO in cardioprotection with ATi receptor (ATtR) 
blockade (ATiR-B) during ischemia-reperfusion. PGI2 = prostacyclin. 



by the L-type voltage-dependent Ca"’"*' channels 
[200]. In a recent study, left ventricular eNOS 
and INOS gene expression correlated with the 
severity of left ventricular dysfunction [201]. In 
end-stage heart failure, NO production in the mi- 
crocirculation was shown to be reduced [202], sug- 
gesting impaired NO formation by eNOS. How- 
ever, high and sustained levels of NO, produced by 
iNOS stimulated by cytokines, appear to interact 
with OFRs to form peroxynitrite. This interaction 
has been suggested to lead to an imbalance in 
cellular Bak and Bcl-xL and promote apopto- 
sis [203]. In contrast, pulses of low amounts of 
NO were shown to suppress apoptosis [204]. The 
role of apoptosis in cardiovascular disease has 
been reviewed [205] and cardiomyocyte apoptosis 
has been linked to ventricular dysfunction after 
ischemia-reperfusion [206], although its role in 
reperfused myocardial infarction needs further 
study. It is important to note that ;0-blockers and 
ACE-inhibitors, which are commonly used for the 
management of myocardial infarction and heart 
failure, increase eNOS expression [197]. The ef- 
fects of such therapies on iNOS and apoptosis also 
deserve further study. 

Conclusion 

Although it is not possible to acknowledge all the 
publications on the effects of NO in ischemia- 
reperfusion, it is clear that whether NO is car- 
dioprotective or detrimental depends on the dose 
as well as spatial and temporal factors. Ischemia- 
reperfusion is associated with the activation 



of a multitude of proteins, peptides, cytokines, 
growth factors, active free radical and signaling 
molecules, several of which interact with NO. The 
interactions between NO and angiotensin II, oxy- 
gen free radicals and inflammatory cytokines are 
complex. In general, small amounts of NO for 
short periods from eNOS are beneficial whereas 
large amounts of NO for sustained periods from 
iNOS are harmful. The NO molecule is char- 
acterized by considerable versatility and diver- 
sity and these properties lead to biphasic or bi- 
functional responses depending on the conditions. 
Some of the controversial effects of NO can be ex- 
plained by differences in the severity and extent 
of the ischemia-reperfusion injury. Thus, large 
areas of severe injury, associated with very low 
flow and more prolonged ischemia, would be ex- 
pected to induce more severe microvascular injury 
and inflammatory responses, greater release of 
OFRs and cytokines, more peptides such as Angll, 
greater activation of iNOS, formation of more 
peroxynitrite and matrix metalloproteinases, and 
more cellular and structural disruption. This hy- 
pothesis is supported by the correlation found be- 
tween expression of iNOS and eNOS genes with 
the degree of left ventricular dysfunction in di- 
lated cardiomyopathy patients [201] and the bi- 
functional regulation of apoptosis by NO [204]. 
However, this hypothesis needs to be verified in 
ischemia-reperfusion. Since small pulses of NO 
are beneficial, especially during reperfusion after 
brief periods of ischemia as in ischemic precondi- 
tioning [190], therapies that enhance NO avail- 
ability by increasing endothelial eNOS might be 
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effective in recruiting left ventricular function in 
reperfused infarction and heart failure. Whether 
decreasing iNOS -derived NO might be beneficial 
also deserves to be studied. 
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